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S U M M A R Y
Coatings are added to components to provide enhanced protection from the 
surroundings or to recondition them after the surfaces have been damaged. But 
the change in conditions at the surface will often lead to a change in the resistance 
to fatigue loading.
This investigation is focused on the behaviour of shouldered shafts eiectroplated 
with nickel, chromium and a cobait/chromium carbide composite. Changes, in 
fatigue strength are demonstrated. Each of the materials has a unique effect on 
the behaviour of a shaft, although there is a similarity which can be utilised in 
design. Each can reduce the fatigue strength by a substantial amount, but it is 
possible to optimize the design of a new shaft so that its strength is not significantly 
different to that of an uncoated version. The composite coating has the least effect.
Explanations for these effects are given, based on differences in the mechanical 
properties of the substrate and coating materials, the distribution of residual stresses 
within the materials, and the interaction of these factors with the applied stress 
profile. Recommendations and methods of analysis which can be used in the 
design of coated components are presented. The contribution of the manufacturing 
processes is discussed, and grinding is highlighted as a dominant factor. Gentle 
grinding procedures are shown to produce ideal conditions by inducing large 
compressive residual stresses in the surfaces.
1
Radial plots of the residual stresses have been produced. These were obtained by 
techniques based on Sachs’ method, using electrochemical machining and an 
extended analysis developed for use with coated parts. The stress distributions 
were not affected by fatigue limit loading, indicating that stress relief methods using 
amplitudes of this order are ineffective and unsafe.
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Principal stresses 
Principal strains 
Coordinates or directions
Radius of bore of tube
Radius of original outer surface of tube
Radius of coating-substrate interface
Radius at which residual stress is calculated
Outside diameter
Coating thickness
Area
Second moment of area
Force on section or part of a section
Bending moment on section or part of a section
Young’s modulus
Poisson’s ratio
Ultimate tensile strength
Yield stress
Yield strain
Fatigue limit stress amplitude 
Fatigue limit strain amplitude
Suffixes indicating coating and substrate respectively
The strength and useful service life of an engineering component is usually 
determined by the conditions at its surface. For it is here that contact is 
made with the environment or some other body, giving rise to effects such 
as corrosion, oxidation, wear and fretting; and the strains produced by the 
applied loads have their highest values.
To ensure that the component functions satisfactorily for an adequate time, 
it is essential to have material at the surface which possesses all the 
properties necessary to match these conditions. But it is not always possible 
to select a material which will satisfy the surface requirements and also 
provide the component with sufficient strength and ductility to operate as an 
efficient load-carrying member.
A practical, cost effective solution to this dilemma is to separate the two 
functions and satisfy each requirement with a different material. This 
approach has been practised for over 7000 years. Potters were the first 
craftsmen to coat their wares. But over the years techniques suitable for 
other products and other materials have evolved so that today coatings are 
commonplace. We are surrounded by articles decorated with chromium plate; 
kitchen and garden equipment is coated with plastic to reduce friction and 
adhesion or to resist corrosion; small cutting tools are given a thin film of 
titanium nitride to increase life; wear and oxidation resistant coatings of 
many metals, ceramics and cermets make a major contribution to the current 
high performance and long life of jet engines; worn components are built up 
and reused.
1. INTRODUCTION
1. 1
The total range of coating processes in use is very wide. A list of the main 
treatments and processes available is given in Table 1.1 and Tabie 1.2; 
Table 1.1 covering the processes used to deposit metal, ceramic and cermet 
coatings, whilst Table 1.2 lists the surface modification processes which 
generate coatings within existing components.
When the surface of a component is changed by one of these processes the 
resistance to fatigue loading is also changed. Surface modification treatments 
will usually raise fatigue limit loads. But the deposition of low strength 
materials or coatings with inherent defects onto strong materials can lead to 
substantial reductions in strength and life. The largest changes are produced 
by welding, where steei coatings deposited by the manual metal arc process 
can reduce the fatigue limit of steel beams by 70% (76).
The range of processes and materials for which data are available is not 
wide, and the effects of deposited coatings on notched specimen have not 
been reported. Because this information does not exist it is usual for 
manufacturers to avoid deposited coatings in regions of high stress 
concentration. Consequently when an expensive shaft is damaged or 
becomes worn in a region near to a shoulder it is usually salvaged by either 
reducing the size or providing a coating which does not extend onto the 
fillet.
This situation provided the basis for the current investigation, it arose from 
experiences with diesel engine crankshafts which failed after crankpins and 
main bearings had been reconditioned by chromium plating.
1.2
In order to limit the cost of testing it was necessary to use a shaft 
configuration simpler than that of the crankshaft. A single-shouldered shaft 
subjected to rotating bending was chosen. This retained some of the 
features of the critical regions of the crankshaft, whilst also simulating the 
shape of a broad range of shouldered shafts.
The investigation was set up to determine whether these shouldered shafts 
were affected by the addition of a coating, and to establish the size of any 
changes in their fatigue strength.
To provide a basis for a discussion of the behaviour of the shafts, an 
examination was made of the contributions of the inherent strengths of the 
constituent materials, the interaction of this with the applied stress and the 
residual stresses induced by the basic manufacturing methods, the coating 
process and the finishing operation. Determination of the residual stresses 
posed a particularly difficult problem since it was necessary to know the 
radial distribution in the coating and the outer region of the substrate. Good 
profiles were successfully obtained by an extension of Sachs' method, using 
electrochemical machining to remove layers of material.
Test shafts were made from 817M40, a common low alloy steel used 
extensively for commercial shafts. This material was obtained in the 
annealed condition, containing low residual stresses, so that it would be 
possible to observe changes in stress produced by the subsequent turning, 
hardening, coating and grinding processes. Earlier workers (20, 79) 
investigating the effects of chromium and nickel, tested small unnotched
1.3
specimens based on similar materials.
Eiectrodeposited coatings of chromium, nickel and cobalt/chromium carbide 
were used. Chromium was chosen because it was involved in the failure of 
the crankshafts, and is the most popular coating material for wear and 
indentation resistance application. Other materials deposited by the same 
basic process were needed to provide a wide range of mechanical properties 
and distinctly different metallurgical structures. Those chosen are suitable for 
highly stressed engineering components, although where resistance to wear 
is required nickel can only be used as a base for a harder material. All 
three coatings can be used for surfacing new shafts and for reconditioning 
worn parts.
The other processes listed in Table 1.1 were considered as candidate 
materials, but they were found to be less suitable than the eiectrodeposited 
coatings. An indication of the factors influencing the selection is given in 
Table 1.3.
1 .4
TYPE OF TREATMENT PROCESS
Chemical D eposition E le c tro le s s  p la t in g
Chemical Vapour D eposition
E le c t r o ly t ic  D eposition Anodizing
E le c tro p la tin g
Hot D ipping G alvan iz ing
Mechanical D eposition B a rre l p la t in g  
Explosive bonding 
Pressing  
R o llin g
P hysica l Vapour D eposition Ion p la t in g
S puttering
Thermal evaporation
Spraying D etonation gun 
E le c tr ic  arc  
Flame 
Jet-K ote  
Plasma 
Spray Fuse
Welding E lectron  beam
Gas
Laser
MIG J 
Plasma tra n s fe rre d  arc  
Shielded m etal arc  
Submerged arc i 
TIG
Table 1 .1 De]?osition Processes fo r  M eta ls , Ceramics and Cermets
PROCESS
A lum in izing
Chromizing
Sheradizing
S ilic o n iz in g
E le c t r o ly t ic  d if fu s io n
D ecarb u riza tio n
O xidation
B orid ing  
C a rb o n itr id in g  
N it r id in g  
N itro c a rb u r iz in g
G r it  b la s t in g
Peening
R o llin g
Ion im p la n ta tio n
C h i l l  cas tin g  
Flame hardening  
Indu ctio n  hardening  
Laser hardening  
E lec tro n  beam hardening
TYPE OF TREATMENT
Chemical Treatment
Mechanical Treatment
P hysica l Vapour D eposition  
Thermal Treatment
Table 1 .2  Surface M o d ific a tio n  Processes
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2. ELECTRODEPOSITION
2.1 Historical Perspective
Electrodeposition is more widely used than any other method of forming 
metallic coatings. The earliest attempts to use this process were made at 
the start of the nineteenth century, but interest was limited to gilding for the 
jewellery trade. However, by mid-century more generally useful and less 
costly materials such as nickel and zinc were being deposited in this way and 
the technique was soon established as a normal engineering process. At 
about this time chromium was deposited on an experimental basis, but the 
process was not used commercially until the second decade of the present 
century.
Many metals are now eiectrodeposited. And in recent developments metais 
and particles of ceramic material have been co-deposited to produce wear 
resistant cermet coatings.
2.2 The Deposition Process
In this process the component to be coated is arranged as the cathode of 
an electrolytic action in an aqueous solution containing dissolved salts of the 
metal to be deposited. Positively charged ions migrate towards the cathode, 
whilst negatively charged ions move in the opposite direction. At the cathode 
surface the positive charges of the metal ions are neutralized by electrons 
from the cathode, and metal atoms are deposited.
2.1
These atoms form links with existing atoms to become an integral part of the 
crystallographic structure of the cathode surface. A wide variety of metals 
can be linked in this way. The first atoms of a coating will therefore usually 
form a strong metallurgical bond with the substrate, so that the coating is 
firmly anchored without the problems of alloying and dilution which occur at 
the interface when fusion processes are used.
Hydrogen ions are formed in the electrolyte, and these are also attracted to 
the cathode. When the voltage difference between the electrodes is low the 
metal ions are discharged in preference to the hydrogen ions. But at the 
higher voltages used in commercial operations, particularly when chromium 
is deposited, co-deposition of hydrogen occurs. Most of this hydrogen 
evolves from the cathode surface as a gas, so that only a small proportion 
is built into the cathode structure. This additional hydrogen usually has little 
effect on the mechanical properties of substrate and coating materials, 
although some steels with an ultimate tensile strength greater than 1300 MPa 
do exhibit brittle characteristics after they have been electroplated (19).
Modern plating baths do not consist of simple solutions of the metallic salts. 
Usually they contain many constituents which play an important part in 
speeding up the deposition process, controlling the structure of the deposit, 
improving the surface finish and reducing the induced residual stress. Other 
variable factors such as the pH of the solution, the current density and the 
temperature of the bath have a significant influence on the process, and 
affect the mechanical characteristics of the deposit.
2.2
Eiectrodeposited metals, produced under optimum conditions, have a finer- 
grained structure than versions produced by other processes; they are 
harder and stronger, but are inclined to exhibit brittleness. Most deposits 
with a thickness greater than a few microns have a density close to that of 
the wrought or cast product, and rarely contain pores or similar defects.
The thickness of the coating on a component is not always uniform. The 
variation arises because the deposition rate is related to the current density, 
and this is not constant around the component. It is influenced by geometric 
form, being higher at protrusions and lower in recesses. Consequently a 
coating is thickest in prominent regions, but thin in re-entrant corners and 
other regions less accessible to the migrating ions. Greater uniformity can 
be achieved when the lower current densities are increased by the use of 
auxiliary anodes. But this raises the processing costs.
Chromium and nickel are the most widely use electrodeposits. Chromium 
coatings are hard, and are used extensively for wear resistance applications 
at temperatures up to 150° C. The plating process is inefficient so that it is 
rare for thicknesses to exceed 400 pm. Coatings of 25 pm to 250 pm are 
common on engineering components, although films of less than 1 pm are 
adequate for decorative purposes. Nickel has a high resistance to corrosion. 
This property makes it useful as a base for chromium. But it is also used 
in conjunction with chromium for building up badly worn and damaged shafts, 
where large thicknesses are required. The plating process does not impose 
a limit on the thickness, so that coatings several millimetres thick can be
2.3 The Product
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deposited.
Cermets formed by co-deposition of metals and ceramic particles can provide 
superior wear resistance at high temperatures. A number of these have 
been proposed (86), and two of these - cobalt/chromium carbide and 
nickel/silicon carbide - are used for commercial applications. Deposition is 
stow and thicknesses are usually below 200 pm.
2.4
3.1 Substrate
3.1.1 Composition and Hardness
All substrates were made from 817M40 steel, a general purpose low alloy
steel used for a wide range of engineering components including shafts. The
chemical composition is given in Table 3.1. This material was purchased in 
the double annealed condition with a hardness of about 270 HV. After the 
basic machining operations had been completed the hardness was increased. 
All specimen shafts were hardened to 300 HV, so that the material was in 
a condition similar to that of heavy commercial shafts. But some of the 
specimens used to determine properties of the coating material and to 
demonstrate the effect of substrate strength were required in a harder state.
The hardnesses used, and the variations in hardness are given in Table 3.2
3.1.2 Elastic Properties
The modulus of elasticity of the substrate material was required in order to
determine the corresponding values for the coating material, and to calculate
the applied stresses and residual stresses in the specimens. An accuracy 
of about ±0.5% was needed to achieve an acceptable uncertainty in the 
coating modulus. Woolman and Mottram (85) provide values, but there is a 
variation with chemical composition and hardness. It was therefore necessary 
to determine values for the actual material.
Tests were made on the Type 1 specimens shown in Fig. 3.1, and the 
tubular Type 3 specimens shown in Fig. 3.2. Tension loads were applied in
3. MATERIALS
3.1
a Mayes servo hydraulic testing machine. Extensions of all the Type 1 
specimens were measured over a 50 mm gauge length, using Huggenberger 
and LVDT based extensometers. But on one specimen four 6 mm, 120 Q 
linear strain gauges were also used. The corresponding measurements on 
the Type 3 specimens were made using both 3 mm, 120 Q, linear strain 
gauges and a strain gauge based extensometer with a 10 mm gauge length. 
When 50 mm extensometers were used, measurements were made at two 
points on a diametral line across each specimen. Measurements using strain 
gauges and the 10 mm extensometer were made at four points equally 
spaced around the circumference.
Type 1 specimens were held in standard vee jaws. This was considered to 
be adequate since it was known from experience that the variations in strain 
around the circumference of the specimen would not be unacceptably high. 
The distribution of longitudinal strain was measured on one specimen, using 
a set of four strain gauges. The strain was found to vary by ±50 microstrain 
from a mean value of 800 microstrain. But when pairs of diametrically 
opposite gauges were used in the bridge circuit the variation in strain around 
the specimen was less than 10 microstrain; and the variation in the slope of 
the strain/load graph was about 0.2%.
The Type 3 specimens had been designed to permit accurate alignment in 
the testing machine, so that the distribution of strain in the test region would 
be more uniform than in the Type 1 specimens. They were used with the 
special holders shown in Fig. 3.4.
3.2
In practice uniformity of strain was difficult to achieve. To limit the variation 
of strain around the circumference of the specimen to 40 microstrain when 
the mean value was 800 microstrain it was necessary to impose a tolerance 
of 0.02 mm on the position of the loading pin holes in the holders and in the 
specimens, and to assemble the holders in the testing machine so that the 
bores were concentric within 0.03 mm and the pin holes were parallel within 
0.02°. To obtain the best distribution preliminary tests were made with the 
specimen in each of the four possible positions in the holders.
The variation in strain around the specimens did not have a significant effect 
on the calculated modulus of elasticity, because the error was minimised by 
taking the average of the values determined at either the two or four points 
around the circumference of each specimen, as indicated in paragraph 2.
Values of Young’s modulus are given in Table 3.3. These values vary with 
the hardness of the steel. The range of values for hardnesses of 300 HV 
and 355 HV is higher than expected, but most of this variation arises 
because the Huggenberger extensometer indicated lower strains than the 
other devices. To determine a representative value for each hardness an 
average was taken of all the results. This gave values consistent with 
Woolman and Mottram (85) at 355 HV, but 1% lower than their value at 
300 HV. The uncertainty in the result is ±0.5%. Values obtained from 
harder versions of the Type 3 specimens had a smaller variation, but this 
may be because only two types of strain measurement were used.
3.3
Poisson’s ratio is used in the residual stress calculations. However, it is not 
a critical value; a change of 0.1 changes the calculated stress by only 1%. 
The standard value of 0.29 was therefore adequate.
3.1.3 Static Strength
Values of monotonic yield stress, ultimate tensile strength and failure stress 
were obtained from simple tests on Type 1 specimens, in which the 
extension was increased gradually from zero to the point at which fracture 
occurred. Specimens were held in standard vee jaws, since these produce 
reasonably uniform strain in the test region of the specimens. Yield load was 
obtained from a graph of load against output from an LVDT based 
extensometer with a 50 mm gauge length. Yielding was clearly defined, and 
the load was almost constant until the strain exceeded 10,000 x 10'6. The 
other critical loads were obtained from graphs of load against ram movement.
The values obtained are given in Table 3.4. Variations in values across 
several specimens was ±2%, and ultimate tensile strengths were within 2% 
of the values predicted from hardness tests.
3.2 Coatings
3.2.1 Composition and Hardness
Eiectrodeposited coatings of nickel, chromium, and cobalt/chromium carbide 
were used. The thickness deposited by the platers varied with the shape of 
the specimen. For unshouldered versions the original thickness was about 
350 pm. Shouldered types were given thicker coatings, typically 1 mm at
3.4
points away from the shoulder, so that the thickness at the fillet did not drop 
below 250 pm. All specimen shafts and most of the other specimens were 
ground, producing a final uniform thickness of 200 pm - 210 pm.
The composition and physical properties of the deposited materials vary with 
the composition of the bath and operating conditions such as temperature, 
pH and current density. It is therefore essential to determine the basic 
properties of each batch of coatings. The constitution of the plating solutions 
and the bath conditions used for each of the coatings is given in Table 3.5.
Vickers hardness tests were made on all specimens. Whilst the values from 
these tests could not give an absolute indication of materia! strength, as they 
do when tests are made on steel, they did provide a check on variations in 
strength of each of the coating materials.
All indentations were made with a load of 5 kg. This load was chosen to 
limit the depth of the impression and to ensure that the cracking around the 
impression in the chromium was minimal. Impressions in the nickel were 
about 30 pm deep, corresponding to only 15% of the coating thickness; 
measurements were made easily and values were repeatable. The 
corresponding impressions in chromium - the hardest material - were only 
half this size. Because of this there was a greater uncertainty in the results.
Typical values of hardness are given in Table 3.6. The nickel is considerably 
harder than the published values for Watts nickel, the chromium is softer than 
usual, whilst the cobalt/chromium carbide is at the top of its normal range.
3.5
The variation in values for each material was low.
3.2.2 Elastic Properties
The elastic modulus of the coating materials is used to determine the applied 
stress and strain and the residual stress. The accuracy does not need to 
be as high as that required for the substrate modulus. The most critical use 
is in the calculation of the applied stress profile.
In the simplest tests to determine this property a uniform, homogeneous 
specimen is subjected to uniaxial loading and the strain is measured with a 
strain gauge or an extensometer. But this was considered to be 
inappropriate for thin strips of brittle eiectrodeposited material. Nickel 
components are often manufactured by electroforming, so specimens of this 
material could be made and tested, although if they had a thickness similar 
to that of the coating they would be rather delicate. Some specimens of 
chromium have been tested in this way (18), but the success rate for thin 
strip would appear to be very low. No attempts have been made to 
electroform components from cobait/chromium carbide.
A suitable, alternative approach is to test a coated specimen in tension. 
Because this type of specimen has two discrete parts, which share the load 
according to their size and material characteristics, the uncertainty in the 
value of the modulus will be greater than it would be for a homogeneous 
specimen. However, the errors can be kept to an acceptable ievel by 
choosing specimen dimensions so that the ratio of the coating area to the 
substrate area is as large as possible. The dimensions must be measured
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accurately, and similar high precision is required for the determination of load 
and strain. The uncertainty in the modulus of the substrate must also be 
low.
The Type 3 specimens shown in Fig. 3.3 were used. Coating material 
occupied 21% of the total cross sectional area. At the design stage this 
seemed to be adequate, but subsequent experience has shown that 30% 
would have been more appropriate.
The testing method was based on that used for the tests on the uncoated 
specimens of Type 3. Four strain gauges were equally spaced around the 
circumference of the specimen, and each was wired into a quarter bridge 
circuit so that the uniformity of strain - or lack of it - could be observed. The 
variation was typically 100 microstrain for a mean strain of 1000 microstrain. 
Each specimen was tested in several orientations in the holders, and for 
each test on the specimen an average value for the slope of the strain/load 
graph was obtained. The variation in this value for each specimen was low, 
being less than 0.5%.
The variation of strain across the specimen wall was also checked. Strain 
gauges positioned-on. the inside surface of the specimens indicated strains 
about 2% below the strain at the adjacent point on the outside surface. 
Since the tensile load is applied to the substrate of the specimen and the 
strains measured in the coating are slightly higher than those measured in 
the substrate, it is clear that full transfer of strain across the interface has 
occurred. This was confirmed by tests in bending which showed that the
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slope of the radial profiles of strain indicated by the two sets of gauges 
differed by only 1%.
Tests were made on thirteen specimens: five coated with nickel, four with 
chromium and four with cobalt/chromium carbide.
The modulus was calculated using the expression (3.1). This was developed 
by applying equilibrium and compatibility requirements to the loading and 
deformation of the composite specimen, as outlined in Appendix 1. The 
uncertainty in the calculated value of the modulus for a coating depends on 
the errors in the constituent parts of the equation. It is typically ±2%.
A summary of the errors and the determination of this overall figure is given 
in Appendix 1.
Ec = (F/e - Es As )/Ac (3.1)
Values of the modulus calculated for each of the coating materials, and the 
strain ranges used during the tests are shown in Table 3.6. For nickel and 
chromium the test results are consistent with published values for material 
deposited from similar plating baths. But the modulus obtained for 
cobalt/chromium carbide is 45% greater than the value stated by the 
depositors.
Poisson’s ratio for the coating materials is used in the residual stress 
calculations. High accuracy is not required; a 10% variation in its value 
changes the calculated stress by less than 0.1%.
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Tests were made on Type 3 specimens loaded in bending. Strains were 
measured on the outer surface using two elements of a Micro measurements 
120 Q, 1.5 mm rectangular strain gauge rosette. It was accepted that these 
measurements would be affected by the behaviour of the steel substrate, but 
the accuracy was expected to be adequate.
The experimental values are given in Table 3.6. Since the value for nickel 
is almost the same as that for steel the error is small. Chromium has the 
lowest value; a published figure 10% below the experimental result gives an 
indication of the size of the error. The real value for cobalt/chromium carbide 
is therefore likely to be about 5% below the measured value.
3.2.3 Static Strength
Values of the monotonic yield stress for each of the coating materials were 
obtained from tests on coated specimens loaded in tension. Uncertainties 
arose from sources similar to those indicated in Section 3.2.2.
Type 3 specimens were used, with a substrate hardness of 400 HV. 
Specimens were assembled in the testing machine holders shown in Fig. 3.4 
with an orientation which gave the most uniform distribution of strain. This 
was easily arranged, since all specimens had previously undergone tests to 
determine the modulus of elasticity, and the behaviour pattern had been 
established. Extension of the specimen was controlled during the tests, and 
strain was measured by pairs of gauges located in diametrically opposite 
positions on the specimens. Each pair was wired into a simple bridge, with 
the output connected either to the strain module and plotter of the testing
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machine or to a Vishay 3800 bridge and a Philips PM8133 X-Y plotter. 
Greatest accuracy and sensitivity was obtained using the external system.
Tests were made on thirteen specimens: five with coatings of nickel, four 
with chromium coatings, and four with cobalt/chromium carbide coatings.
Ail graphs of load against strain were of the shape shown in Fig. 3.5,
Fig. 3.6 and Fig. 3.7. As the strain was increased from zero the plots were 
initially straight. But this was maintained only for the range of load and strain 
used for the previous tests. Thereafter the graph was slightly curved, and 
no marked deviation occurred until the substrate began to yield. It had been 
expected that the yield point of the chromium would be clearly indicated, 
since yielding is normally followed almost immediately by cracking (18), and 
this behaviour will produce a significant fail in the load on the specimen when 
a test is conducted at constant strain rate. None of the four chromium-plated 
specimens exhibited this characteristic. So, even with this material, it was 
not possible to identify the yield point of the coating from the graph of total 
ioad against strain.
The yielding behaviour of the coating materials can be highlighted by plotting 
the load on the coating against strain. This ioad is obtained readily using 
equation (3.2), the derivation of which is outlined in Appendix 1.
3 .10
Fc = F - Es As £ (3.2)
This equation can be used for both linear and non-linear behaviour of the 
coating, but linear elastic conditions are required in the substrate. Since the 
yield strain of the substrate used for these specimens is over 5000 
microstrain, coating load can be calculated for strains up to about 4000 
microstrain - high enough to draw graphs giving a clear demonstration of 
yielding in the coating.
Curves for the three coatings are shown in Fig. 3.8, Fig. 3.9 and Fig. 3.10. 
Upper and lower bounds for the curves are shown. These have been 
determined using the probable uncertainty of 0.8% in the values of 8 Es As,
a figure which was established from typical variations in the individual 
components. In Section 3.1.2 it was shown that the modulus of elasticity of 
substrate material hardened to 400 HV is 207 GPa ±0.5%. Diameters can 
be measured with considerable precision so that the uncertainty in the areas 
is less than 0.5%. Errors in the strains measured in the composite 
specimens are similar in size and sign to those in the specimens used to 
determine the modulus of elasticity of the substrate. They do not exceed 
0.5%, and in the calculation of the coating load they effectively cancel each 
other. The errors in strain can, therefore, be assumed to be zero, so the 
total variation is unlikely to exceed 0.8%. The corresponding uncertainty in 
the yield stress is ±8%.
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Values of yield stress and strain for the three materials are given in 
Table 3.6. Stress values are reasonably consistent with published values of 
the ultimate tensile strength of these materials.
The slope of the initial straight part of each of the curves of coating load 
against strain is consistent with the calculated elastic modulus of the 
corresponding material. This provides a further indication of the accuracy of 
the method, and confirms the values obtained for Young’s modulus.
The ultimate tensile strength of nickel and cobalt/chromium carbide cannot 
be determined from tests on composite specimens, since substantial plastic 
deformation occurs in the substrate well before the load on the coating 
reaches its maximum value. However, an estimate can be made using the 
empirical relationship (3.3), where F'0 is the force on the coating at a strain 
of about 4000 microstrain. The figure of 1.2 was obtained from data for 
817M40 steel (85). It is the highest figure of a range of values for this steel, 
and is expected to be approximately correct for the two coating materials 
since they have a similar ductility. The uncertainty in the result is expected 
to be less than ±10%.
Ouc = 1.2~FC'-/ Ac (3.3)
Similar problems are not experienced with the chromium plated specimens. 
Because the coating is brittle it will usually fracture at a stress only marginally 
higher than the yield stress. The ultimate tensile strength is, therefore, 
effectively the same as the yield stress.
3.12
Values of ultimate tensile strength estimated in this way are given in 
Table 3.6, together with values obtained from other sources.
3.13
C onstituen ts C Si Mn S P Ni Cr Mo
Min 0.35 0.10 0.45 1.30 0.90 0 .20
Percentage
Max 0.45 0 .35 0.70 0.05 0 .05 1. 80 1.40 0.35
Table 3 .1  N on-ferrous C o n stitu en ts  o f 817M40 S te e l
Specimen
Type
300 *
Hardness (HV) 
400* 450 *
1 300 ± 5 355 ± 10
2 295 ± 5 375 ± 10
3 Uncoated 305 ± 5 355 ± 5 460 ± 5
3 Coated 300 ± 15 380 ± 20
A 300 ± 20
C 295 ± 20
D 300 ± 20
E 300 ± 15
* Nominal value
A l l  specimens were preheated  to  650° C, then ra is e d  to  820° C fo r  30 min and 
o i l  quenched. F in a l c o n d itio n  was achieved by tem pering a t 600° C fo r  400 HV 
and 650° C fo r  300 HV.
Table 3 .2  Hardness o f 817M40 S te e l Substrates
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4. RESIDUAL STRESSES IN ELECTROPLATED COMPONENTS
4.1 Origins and Types of Stresses
All machine and structural components contain stresses which are not 
related to the loads imposed in service, but which do, however, combine 
with the service stresses to influence the integrity of the components. 
Their existence was known to scientists developing electro-plating 
techniques in the mid-nineteenth century (1). But for a further hundred 
years design and production engineers virtually ignored them, accepting 
the distortions produced as a natural and inconvenient consequence of 
some manufacturing processes. Even today the majority of engineers are 
not familiar with the order of size of the locked-in stresses and few 
appreciate how they are distributed within the components.
These residual stresses, which exist before the component is assembled 
into position, arise from causes such as non-uniform plastic straining, the 
inhomogeneous changes in volume which occur when austenite is 
transformed into martensite, lattice misfits between coating and substrate 
materials, the absorption of hydrogen in electrodeposition processes, and 
the differential contraction of parts of a component as it cools. They are 
established during machining, joining, casting, forming, heat-treatment and 
coating processes.
It is sometimes appropriate to subdivide residual stresses into 
microstresses and macrostresses (2,3). This distinction is based on the
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size of the region affected by the stress. Microstresses, for example, are 
associated with the microstructures of the material; they vary with 
position within the grains, and are normally considered to have little effect 
on the strength of components (4). Macrostresses, in contrast, influence 
an appreciable volume of the component, so that the associated strains 
can be measured by instruments spanning many grains (4). These 
stresses are as real as the stresses set up by externally applied loads, 
and they have an equivalent effect on the strength of the component; 
they must therefore be taken into account in any analysis of component 
strength.
4.2 The Significance of Residual Stresses
The stress at any point in a component is equal to the sum of the stress 
set up by the externally applied load and the residual stress. This total 
stress determines the behaviour of the component.
In simple monotonic loading local yielding or brittle fracture takes place 
when the total stress in the most highly stressed region reaches the 
critical level. However, if ductile materials are used, limit loads and the 
fracture loads are unaffected by the presence of residual stresses, since 
during plastic deformation the stresses are redistributed to give a more 
uniform profile. When the environment is corrosive tensile residual 
stresses at the surface of the component increase the risk of failure due 
to stress corrosion (6), whilst compressive stresses have the opposite 
effect (3).
4.2
Residual stresses have greatest significance for components subjected 
to fatigue loading. The effect of the residual stress system is similar to 
that of a static mean stress (7). Tensile stress, for example, will reduce 
the fatigue strength, since microcracks initiated at the surface will develop 
more readily into macrocracks, and these will then propagate at an 
increased speed (7). In contrast compressive stresses have a beneficial 
effect, resisting the development of microcracks. The effect is particularly 
impressive when stresses of this type are introduced by processes such 
as peening and surface hardening.
The critical crack length at which an established crack will become 
unstable is also affected by the presence of the buiit-in stresses; tensile 
stresses reduce the length, so that failure from brittle fracture is more 
likely to occur. This can happen when little external loading is applied 
(10), as has been amply demonstrated by the catastrophic fracture of 
early liberty ships and many other large welded structures. Compressive 
stresses around the tip of a crack are, however, beneficial, and will 
reduce the possibility of failure.
Whilst the presence of compressive residual stresses in the surface will 
in most cases give the component increased strength, these stresses can 
have an adverse effect on components susceptible to buckling instability. 
They can also affect the performance of coated components, particularly 
if the adhesion at the interface is low so that the coating can lift away 
from the substrate. However, a more significant problem affecting 
components which have compressively stressed coatings stems from the
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fact that, for equilibrium, the substrate will carry a tensile residual stress. 
This stress can be high near the interface, and the material in this zone 
may not be in the most desirable condition. Consequently, if a fatigue 
loading is applied to the component, cracks can be established in the 
substrate, where they cannot be seen, and can grow substantially before 
the coating fails (7).
4.3 Stability of Residual Stresses
When the loading on a component is static the residual stress level and 
distribution will not change unless subsequent inelastic deformation takes 
place.
Under cyclic loading the position is not as clear. Relaxation of the 
stresses is inevitable when the loading is high, so that the combination 
of maximum applied stress and residual stress produces yield conditions. 
But changes in the residual stress have been noted at loads around the 
fatigue limit (12, 15, 16, 25). It has been suggested that this is a 
consequence of the microplastic deformation which can take place within 
the material (16), although the explanations given are not complete and 
there is uncertainty about the conditions required for changes to occur.
The possibility of modifying residual stress profiles by cyclic loading forms 
the basis for vibratory stress relief processes, in which components are 
vibrated at resonant frequency for several minutes. Improvements have 
been achieved but it is necessary to use a loading amplitude significantly 
above the fatigue limit. In successful applications the stress is changed
4.4
in the first 103 - 104 cycles, before any surface microcracks have been 
initiated (16).
4.4 Residual Stress Profiles
Residual stresses interact with the applied stresses and the inherent 
material strength to influence the load-carrying capacity of a component. 
The magnitude of each of these quantities must therefore be determined 
for every point within the component if a realistic assessment of its 
behaviour is to be made.
The variation of residual stress with position can be considerable, and 
changes from high compressive values to similar values in tension can 
occur over distances of less than 100 pm. These conditions arise when 
several manufacturing processes are used, some of which affect large 
parts of the cross section whilst others have an influence on only a 
narrow region.
The distinctive pattern of stresses generated by each of the main 
manufacturing processes is discussed in Appendix 4. These can be 
combined to build up typical profiles for individual components.
All the specimens used in this investigation were made from double 
annealed black bar, containing very low levels of residual stress. The 
basic shape of the specimens was generated by normal machining 
methods. These operations were followed by hardening of the material, 
honing of the bore of tubular versions, and grinding of the surfaces to be
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coated. The coated specimens were either used in the as-plated state 
or ground to produce a finish similar to that of commercial shafts. Gentle 
grinding procedures were used.
Approximate radial profiles of stress have been built up for these
specimens. They illustrate the large variations which can occur and 
provide a basis for assessing the actual profiles which form the main part 
of Section 4.
4.4.1 Predicted Profiles for Uncoated Specimens
The stresses produced by turning are expected to be low, and they will 
be eliminated in the hardening operation. Finished specimens will 
therefore contain only the stresses introduced during the hardening, 
honing and grinding operations.
These manufacturing processes have a combined effect on the stresses; 
profiles produced by the first process being modified by the later 
processes. Hardening affects the stress at all points in the cross section, 
whilst the effect of grinding is restricted to the material near the surface. 
Consequently the stresses established in the material away from the 
surface will not be changed during the grinding operation. The stresses 
in the surface material will be changed, but the actual change cannot be 
assessed accurately. Some indication of the final profile in this region 
can be obtained by adding the profiles due to the individual processes.
This approach has been adopted. However, since the processes are
irreversible, the procedure is fundamentally unsound, and quite large
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errors must be expected. At the outer surface, where gentle grinding will 
induce stresses of the same sign as the established stresses, adding the 
individual contributions will probably overestimate the real state of stress. 
At about 20 pm inside the specimen the sign of the grinding stresses 
changes. In the region just below this the predicted stress will be lower 
than the real stress, a result illustrated by Scholtes (13).
The predicted profile of the longitudinal principal stress is given in 
Fig. 4.1.
4.4.2 Predicted Profiles for Coated Specimens
Coatings deposited by electrolytic processes contain residual stresses 
which are usually tensile and can sometimes be high. For example, 
stresses of over 900 MPa are said to exist in thin decorative chromium 
plate (18, 19); though this does seem to be a gross overestimate, since 
most chromium tends to crack at less than 2000 microstrain giving a 
failing stress of about 200 MPa as shown in Section 3. However, the 
stresses quoted for engineering coatings are much lower. For the usual 
bath conditions, the maximum stress in chromium plate thicker than 25 
mm is unlikely to exceed 160 MPa (18, 20, 21). Similar stress levels 
exists in Watts nickel (18, 22, 26). The stress in cobalt is lower (18), 
whilst zinc, aluminium and the thicker coatings of nickel from a 
sulphamate bath are virtually stress free (2, 18, 22).
These stresses arise from factors inherent in the deposition process, the 
misfit of the coating and substrate crystal lattices, and the differential 
contraction of the two materials. Many attempts have been made to
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provide explanations for the first of these (11). No firm conclusions have 
been reached, although it is clear that where the electrolytic action is
inefficient, as in chromium plating, a large volume of hydrogen is
generated and this is a contributing factor. The hydrogen enters both 
materials and expands the lattice. But in time most of this diffuses away 
leaving the coating in a state of tension (11, 23, 24, 26).
The size of the residual stress in the coating is determined by factors 
such as the combination of materials used for the coating and the
substrate, the composition of the plating bath, and the temperature, pH
and current density used. The order of size of the stresses for particular 
materials and standard bath conditions can be estimated from published 
papers; typical values for the coating materials used in this investigation 
are given in Table 4.1.
The distribution of stress across these coatings is not known, since the 
reported values have been obtained using either a spiral contractometer 
or a simple flat strip coated on one side. And the stress has been 
assumed to be uniform throughout the coating. This is possibly correct 
for a large part of a thick coating. But in a thin zone near to the 
interface the stress may be higher, since tests on nickel and chromium 
coatings have shown that the stress in thin coatings is very high, whilst 
for coatings thicker than 25 mm the stress is not only lower but the effect 
of changes in thickness is negligible (2, 14, 18, 19). The stress at the 
outer surface is unlikely to be the same as that in the bulk of the
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coating, but no information on this point has been found.
For the three coatings used - nickel, chromium, and cobalt/chromium 
carbide - the predicted residual stress in the deposited material is about 
120 MPa. This data can be combined with the stress profile of Fig.4.1 
to provide a stress distribution for the coated specimens. The result is 
shown in Fig.4.2 for the coating in the as-plated condition. Fig.4.3 
incorporates the effect of the final grinding operation.
4.5 Measurement of Residual Stress
Since the residual stresses in a component arise as a consequence of 
the various fabrication techniques and treatment processes used, the 
actual size and distribution of the stress is unique to that individual 
component. Predictions using computational methods are in most cases 
inadequate. It is usually necessary to make measurements on the 
components, so that the real stresses can be calculated. A wide range 
of methods is in use. All are less accurate than the methods used to 
measure strains arising from externally applied loads.
4.5.1 Bent Strip Methods
The residual stress in eiectrodeposited coatings is usually determined by 
coating one side of a thin beam (2,11). The beam bends as the coating 
is deposited, so that the stress system is in equilibrium. An estimate of 
the mean stress in the coating is deduced from this movement. Often 
the beam is a simple cantilever, which Is clamped to prevent movement
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during the coating operation, and is subsequently released in order to 
determine the strain (2,20,29,64,72).
Two devices for monitoring the stress whilst the coating is being 
deposited have been developed from the basic cantilever beam. The 
most popular of these is the Spiral Contractometer; this uses a spiral 
cantilever, and the stress is calculated from the relative rotation of the 
ends (2,11). Many of the published results were obtained using this 
instrument (18), and it is still regarded as normal equipment. The Hoar 
Arrowsmith device is also used. This is based on a straight cantilever, 
the end of which is prevented from moving by eiectromagnets, so that 
the stress in the coating can be deduced from the current used (2,28).
These methods are probably more appropriate for quality control than 
stress analysis. They assume that the residual stresses are one 
dimensional, acting along the longitudinal axis of the beam; and they 
provide only an average value of this component.
4.5.2 Stress Relaxation Methods
A number of useful techniques are based on the measurement of the 
strains produced when the residual stresses are relaxed by either cutting 
the component or removing material. Common methods involve the 
drilling of holes, isolation of small disks by trepanning, slicing, progressive 
removal of thin layers etc. These methods are essentially destructive, 
though the small holes produced by the usual hole-drilling technique will 
not seriously, damage a large pressure vessel. A further difficulty is that
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most of the cutting processes introduce stresses. This can often be held 
at an acceptable level by gentle operation or by using a process such 
as electrochemical machining, which produces relatively little stress 
(33,47,48).
The change in strain is generally measured by resistance strain gauges, 
but Moire fringe techniques, photoelastic coatings and mechanical gauges 
are sometimes used. Some of the techniques can only be used for one 
shape of work piece, but others such as hole drilling and trepanning can 
be used on most outside surfaces.
The most appropriate and most accurate method for relatively small 
cylindrical components is that introduced by Sachs (61).
Using Sachs’ method a complete analysis of axisymmetrical residual 
stress systems can be made. The stresses at the surface can be 
determined easily, but the real significance of the method is that no 
further change in technique is required to obtain the radial distribution of 
the three principal stress components.
The experimental technique consists of relaxing the stresses by either 
boring out the specimen in steps and measuring the corresponding 
change in strain at the outer surface, or reducing the outside diameter 
of a tube and measuring the strain in the bore. The residual stresses 
which existed in the last layer to be removed are then determined from 
the change in strain. The method of calculating the stresses for the
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boring out method has been outlined by Sachs and others (61,62,63).
In order to obtain accurate results the machining operation must not 
induce significant stresses, and must be capable of progressing in 
relatively small steps so that the rate of change of strain can be 
determined accurately. Gentle boring and turning using conventional 
methods are satisfactory for large components (61). Simple twist drills 
have been used for small nitrided specimens (88), and electrochemical 
machining has been used successfully for boring out hardened specimens
(47). Grinding was employed to remove layers of arc sprayed steel 
from tubular specimens, but the results were not satisfactory (64). 
However, this method has been used successfully for hard steel rods 
(65).
Specimens usually have a length of over twice the diameter 
(12,47,61,64,66). Whilst this is probably essential for solid specimens it 
seems likely that a shorter length would be satisfactory for thin walled 
tubes. No reports of tests to investigate this have been found.
4.5.3 X-ray Diffraction
Several non-destructive methods are in use. These are based on X-ray 
diffraction, neutron diffraction, ultrasonics, and the magneto-elastic effect 
used in the Barkhausen noise technique.
Only the X-ray method is suitable for the coated specimens. It measures 
the changes produced in the atomic spacing of the crystal planes near 
the surface when the material is subjected to stress (68). These lattice 
strains are elastic and the associated stresses can be determined from 
the usual relationships (67).
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The depth of material penetrated by the X-rays varies with the type of 
material and the wavelength of the radiation (67). The penetration of 
steel is typically 10 pm (50,67), but the Siemens company quotes 4 pm - 
5 pm for steel, nickel and cobalt.
The small depth of penetration of the component makes this method 
particularly useful for measuring the variation of stress with depth. To 
do this, surface layers are removed in steps, as in Sachs’ method, and 
a new measurement is made at each step. (58). Corrections must be 
made for the amount of metal removed (71).
The accuracy of the measurements is variable. Using laboratory 
instruments the principal stresses can be determined to within ±30 MPa 
but errors of up to 240 MPa have been experienced in less well 
controlled conditions (4).
X-ray methods are sensitive to both the microstresses within the grains 
and the macrostresses which are measured by the stress relaxation 
methods (69). The stresses can be calculated separately if this is 
required (4), but this is not usually done. Consequently the results will 
sometimes differ significantly from results obtained using the stress 
relaxation methods (3).
Other problems also arise. The X-ray diffraction lines are broadened and 
diffused by factors such as the small grain size inherent in 
electrodeposited chromium, plastic deformation, and differences between 
the microscopic and bulk values of the modulus of elasticity and 
Poisson’s ratio (4).
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Most of the established methods of residual stress analysis are normally 
used to determine either a nominal value of the stress in a small region 
or the average stress over part of a component. They cannot provide 
a reasonable estimate of the types of profiles outlined in Section 4.4.
Only Sachs’ method and the X-ray diffraction method can be expected 
to give realistic values in a stress field as complicated as this. In both 
methods material must be removed from the surface to obtain the 
variation with depth; consequently the process takes a long time. Both 
methods have further disadvantages. The X-ray method requires 
expensive specialist equipment and considerable expertise; also the 
values determined will usually include microstresses as well as the 
macrostresses normally used in engineering evaluations, and it is difficult 
to interpret the results of measurements in heterogeneous materials. In 
contrast Sachs’ method makes use of conventional equipment, although 
it does need very sensitive and stable strain gauge instrumentation to 
cope with the small changes in strain produced when the stress level is 
low and the layers removed are thin.
Sachs’ method was considered to be the least difficult to implement and 
was potentially the most reliable. It was therefore used. Since the 
stress profile in the coating and the outer part of the substrate is of 
greatest significance in an assessment of the fatigue behaviour of a 
component, the stresses in this region must be determined with the 
greatest accuracy. To achieve this it is essential to remove material from 
the outside rather than employ the basic boring-out technique.
4.5.4 Choice of Measurement Method
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Tubular specimens are required, so that strains can be measured in the 
bore as the material is removed. Consequently the stress profiles will 
not be identical to those existing in a corresponding solid component. 
However, any differences which occur in the critical region near the 
outside are expected to be low.
The accuracy of the data generated during the machining operation can 
be influenced strongly by the method used to remove the material since, 
as indicated in Appendix 4 , most processes produce conditions which 
set up residual stresses.
Although turning and grinding processes have been used previously, 
neither is suitable for this application. Turning cannot be used for the 
hard coatings. Grinding is more appropriate; material can be removed 
in smaller increments, and a geometrically satisfactory surface can be 
produced. But residual stresses are introduced, and these will inevitably 
distort the stress profiles which are being investigated. Also the strain 
gauges have to be disconnected from the bridge during the grinding 
operation, introducing the possibility of small errors in the strain values.
Electrochemical machining can remove all materials in a satisfactory 
manner, and will not modify the residual stress profile. This method was 
adopted.
4.6 Expressions for Residual Stress
Basic equations for determining the principal stresses in axisymmetric 
components from the data generated during a boring-out operation were 
established by Sachs (61). These have been presented in modified
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forms by others, and Hanslip has recast them to cope with the alternative 
process in which the outside of a tube is machined (65). All these 
equations are only suitable for components and specimens made from 
a single material. They cannot be used for coated components, although 
stresses obtained in this way for some two-part specimens have been 
presented (64, 66).
A new set of expressions is required for composite components.
Suitable expressions have been developed to enable the stresses at all 
points in a bi-metallic tube to be evaluated from strain measurements 
made in the bore. The expressions and the major stages in their 
development are presented in the following sections. The detailed 
development is given in Appendix 2.
Basic Equations
The stress components ar, a0, az, which exist at radius R in Fig. 4.4 
before any machining is undertaken, are obtained from the stresses 
ae' • az which remain in the tube surface after the radius has been 
reduced to R, and the changes in stress ar’ , ae' , az which occur at 
R during the machining process. The relationships between these 
quantities are given by the following equations.
The stress components which exist at the surface of the tube when its 
radius has been reduced to R, as shown in Fig. 4.5, are related to the 
rate of change of strain in the bore during the final part of the machining 
operation. These relationships are given in expressions (4.4), (4.5) and 
(4.6), where the subscripts c and s refer to the coating and substrate 
respectively.
arM = 0 (4.4)
4.6.2 State of Stress In the machined tube
For R > i
a e" -  4 ^ )  C l  - £ >  R (  ( K+l) - S  (K -D  > + vs £ 0  (45)
°z" -  2 a ^ 7 ) R  ( E c (R2- i2 )  + V i 2 - a s ) >  + vs > a (4.6). 
where K = |  c < f s r f a  )  '  vs  3  + VC
For R < i and for an uncoated tube
0  " = E C ^  ^ c —0 + V ^  "»8 2 ( l - v 2) k  R dR + V dR ->
(4.7)
V -  + v S 9 ) a  (4B)
4.6.3 Stress Change due to Removal of Material
When material is removed from the outside of the tube to reduce 
the radius from b to R the stress at radius R changes. This change 
has a fixed relationship to the change in stress in the bore.
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The relationships between the changes in strain in the bore and the 
changes in stress at R are given by expressions (4.9) to (4,14).
For R > i
#r' ’ 4n/r*y °  * S y  c  (K+1)' (K'1} )(E^ )» <49>s
°e ' -  <1 - ft> <(1+1) + (1-1) > <+e+V z > a  (4-10)
S
°z '  ■ ( t o ? 7 ) C e Z + V 0 ) a (4.11)s
For R < i and for an uncoated tube
° r “ 2 ( l - v 2) <- 1 ‘  f *  5  <- e9 + v e z ^ a  (4'12^
V  “ 2 ( l - v 2) < 1  + R2 ^ <' e0 + Vez :>a 4^-13*
E0  1 «  --------- j .  (  £  +  v e  )
z ( 1 - v 2) z 9 x a (4.14)
4.6.4 State of Stress in the Original Tube
Expressions for the residual stresses which exist at radius R in the tube 
shown in Fig. 4.4 are obtained by substituting equations 4.4 to 4.14 into 
4.1, 4.2 and 4.3. These expressions incorporate both the change in 
strain in the bore whilst the radius of the outside surface is reduced from
b to R and the rate of change of strain in the bore as the radius
approaches R. The other quantities in the expressions are dimensions 
and material properties.
For R > i
°r = '  4 0 ^ )  °  •  I 2 > « KH> - R2 (K' 1):> < e 0 + V z > a  (4-15)
°e “ 4(T-v^) <"1 I * 5 [R< (i+i) - 52(1-1)> ( j j 9 + ',s 55z ) a
S
- < (K*l) + 5 2  ( K - l ) ) < e 0 + vs ez ) J  (4.16)
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For R < i and for an uncoated tube
f t  p2~ a2  s  d e^  d e z  -v
° 0 = 2( F ^ t  r ) C  d R + ^ d r ’
'  + §2 )  C Eg + v e„ )  „ ]z a
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Expressions (4.18), (4.19)°and (4.20) correspond to the equations 
for a long homogeneous tube presented by Hanslip (65).
During the tests the radius is reduced, so that dR is negative.
It is therefore necessary to reverse the sign of the slopes obtained 
from the conventional strain against radius graphs before they are 
used in these expressions.
(4.17)
(4.18)
(4.19)
(4.20)
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All specimens used for residual stress analysis were made from 817M40 
steel. This material had been selected for the fatigue tests and it 
was essentia! for similar substrates to be used in both sets of tests.
The shape of the specimens is shown in Fig. 4.6 and Fig. 4.7 for 
uncoated and coated versions respectively. They were designed to cover 
the main requirements of several types of test: for properties of the 
coating materials and fatigue strength as well as residual stress. 
Consequently some compromises were necessary. The thin wall was 
chosen to provide adequate sensitivity when the coating material 
properties were being determined. Calculations indicated that this was 
also essential for the residual stress tests, although subsequent 
experience has shown that a slightly thicker wall would have been 
satisfactory.
The length of the cylindrical portion posed a considerable problem. A 
short length was required for the fatigue tests so that reversed loading 
could be accommodated without buckling. A short length was also 
desirable for the electrochemical machining process. But a minimum 
length of twice the diameter has always been used for the Sachs’ 
residual stress analysis (47, 61, 62, 63, 64, 65, 66).
This double diameter requirement appears to be on the generous side 
for solid cylinders and much longer than necessary for thin-walled tubes, 
but no views have been expressed on this in any of the papers.
To establish that shorter specimens could be used without compromising
4.7 Specimens
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the accuracy of the residual stress analysis a finite element investigation 
and a set of residual stress tests was undertaken. The finite element 
analysis showed that, for a cylindrical tube having the same dimensions 
as the central part of the specimens shown in Fig.4.6 and Fig. 4.7 and 
loaded by a longitudinal force at its ends, the stress in material 7 mm 
or more away from the ends is distributed across the section according 
to equilibrium and compatibility requirements, and is unaffected by the 
way in which the force is actually applied to the ends. The specimen 
has a parallel portion 16 mm long and a further length of 12 mm in 
which the outside radius increases by less than 1%. There is therefore 
unlikely to be any variation in strain with longitudinal position within the 
central 10 mm of the specimen, so it should be possible to make useful 
strain measurements within this region. This was confirmed by the 
physical tests. Several uncoated specimens with cylindrical portions 16 
mm and 22 mm long respectively were tested, and the effect of length 
on the residual stress profile was found to be insignificant. The 16 mm 
length was therefore adopted.
4.8 Strain Measurement
During tests on the specimens it was necessary to determine the 
principal strains generated in the bore whilst material was removed from 
the outside. The expressions used to calculate stresses from these 
strains were developed assuming that the principal directions were 
aligned with the polar axes of the specimen - an essential requirement 
for an axisymmetric stress field. However, strain gauge rosettes were 
used. They were of rectangular configuration, and were oriented with 
two arms aligned in the longitudinal and circumferential directions 
respectively so that the strains in these directions could be determined
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without calculation. The third arm provided the possibility for assessing 
the principal strains and directions.
Only one rosette was used in each specimen. It had been the intention 
to use two - to provide a back-up if one gauge failed, and to check the 
symmetry of the strain field - but there was insufficient surface available 
in the bore.
The gauges were Micromeasurements type EA-06-060RZ-120 having a 
gauge factor of 2.05± 1% and a transverse sensitivity of 0.9%. All tests 
were made at an ambient temperature of 17°C to 21 °C. Each test 
lasted about 8 hours and during this time the temperature increased. 
But the change took place gradually and did not exceed 2°C, so that the 
temperature induced strain was small and the effect on the calculated 
stresses was negligible.
The bonding operation presented some problems, since the gauges had 
to be positioned accurately and oriented correctly relative to the polar 
axes, and this had to be done at a point 86 mm down a 16 mm 
diameter hole. The basis of the technique used has been outlined by 
Micromeasurements (51). But a more refined procedure was needed. 
Details of the method adopted are given in Appendix 3.
4.9 Electrochemical Machining
4.9.1 Fundamentals
ln the electrochemical machining process metal is removed from a 
workpiece by electrolysis. The basic principle is the same as that of 
electropolishing. But it is distinguished from this process by the ability
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to alter the shape of the workpiece and achieve a high metal removal 
rate.
The fundamental elements of the process are illustrated in Fig. 4.8. The 
cathode is positioned near to the workpiece, with a gap of 0.2 mm to 1 
mm. At the lower end of this range it is possible to achieve current 
densities between 2 x 105 A/m2 and 5 x 10s A/m2 using a voltage 
difference of 5V to 20V (48). Where the gap size varies across the 
workpiece the current density also varies, and is highest when the gap 
is smallest. The metal removal rate is highest in this region, so that the 
workpiece soon begins to take on the form of the cathode. To retain the 
small gap and a high cutting rate as the material is removed the cathode 
must be moved continuously towards the anode.
Metal is removed from the workpiece in the form of hydroxide solids. 
Gas is also produced, most of it being hydrogen which forms at the 
cathode surface. These products soon slow down the process if they 
are not removed from the machining zone. Flushing is achieved by 
moving the electrolyte through the gap at high speed. The turbulence 
generated in this way appears to provide an added benefit; it reduces 
the thickness of the sublayer of electrolyte adjacent to the electrodes, 
and by doing this increases the conductivity of the electrolyte (27).
4.9.2 Machining Rig
In order to produce a suitable machining system it is necessary to design 
appropriate tooling and workpiece supports, and to decide on values for 
a number of electrical, chemical and mechanical parameters.
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The outline design of the supports and tooling is largely decided by the 
shape of the workpiece and the modification to be achieved during the 
machining operation. In this particular application the machining 
requirements were simple. Material had to be removed in small 
increments from the outside of the central portion of the specimens 
shown in Fig.4.6 and Fig.4.7, until the wall thickness was about 0.1 mm - 
a total change in radius of 1 mm. As these specimens were already 
of the correct general form, and had only to be reduced in diameter, the 
gap between the tool and the specimen was expected to be uniform 
throughout the process, so that no major movement of the tool would 
be required.
The machining could have been tackled in two distinctly different ways. 
On the one hand it could have been done using a turning operation such 
as that illustrated in Fig.4.9, in which the specimen is rotated under a 
tool. Alternatively, a static system could be used; in this case the 
specimen would be surrounded by a split cathode as shown in Fig. 4.10.
The provision of a high-current link to the rotating workpiece and the 
need to disconnect the strain gauges for each small Increment In the 
machining sequence made the first option look unattractive. The second 
also had an inherent disadvantage; the bore diameter of the cathode 
was fixed, and consequently, unless a series of cathodes of differing 
sizes was used, the gap would get larger as the specimen became 
smaller. However, since this would clearly be the simpler and less costly 
arrangement it was adopted.
Details of the machining pot designed for this application are given in
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Fig.4.11. It is operated with the specimen vertical, and the electrolyte 
inlet ports at the bottom. The drawing shows clearly the electrical and 
fluid connections and the methods used to position and secure the 
cathode and the specimen. The tangential inlets are an important 
feature, providing a swirl to the flow in the annulus between the 
specimen and the cathode, which promotes the uniform cutting action 
required to maintain the concentricity of the specimen. An outline of the 
whole electrochemical machining system is given in Fig. 4.12.
4.9.3 Operating the Rig
The choice of values for the electrical, chemical and mechanical 
parameters has an influence on the surface finish and the cutting speed. 
Cutting speed was not a critical factor in this application, although a 
reasonable speed was needed to ensure that each increment in the 
machining cycle did not take too long. This requirement arose for two 
reasons. First it was necessary to arrange for the whole residual stress 
test to be completed within 8 hours. But in addition, operating time was 
found to have a greater effect than current density on the rise in 
temperature of the electrolyte tank, and it was important to keep this 
change as low as possible so that the specimen would return rapidly to 
room temperature at the end of each cut. A reduction in radius of 10pm 
in 5 seconds was taken as the desirable speed for the outer part of the 
specimen, where small amounts were to be removed in each increment. 
But a somewhat faster removal rate could be used later in the test, 
where larger changes in radius in each increment were required.
The surface of the specimen has to be maintained in a reasonably 
smooth condition as the residual stress test progresses, in order to
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determine the diameter accurately. An Rt value of 5pm was considered 
to be adequate.
Finish is determined primarily by the structure of the workpiece material, 
a finer grain producing a smoother surface (48). To achieve the best 
possible finish for a particular material it is usually necessary to set up 
a high voltage gradient across the machining gap and use an electrolyte 
with a low conductivity. But since a high current density is also 
desirable, it is essential to keep the machining area as small as possible
(48).
An experimental programme to establish the best operating practice 
showed that, using the conditions given below, all materials could be 
machined at a suitable rate, and a satisfactory surface finish was 
achieved on the steel, chromium and cobalt/chromium carbide. The 
surface produced on the Watts nickel was poor.
. Machining gap: initially 0.5/0.6 mm; finally 1.6 mm
. Machining zone length: 48 mm giving a surface area of about 2800mm2
. Electrolyte: 9% NaCl, 11% NaN02 in water.
. Electrolyte flow rate: 42 l/min
. Electrolyte velocity: 20 m/s in the largest initial gap.
. Maximum voltage: 8.7 V under load.
. Maximum current: 350 A for steel, 500 A for nickel, chromium, and
cobalt/chromium carbide.
During the residual stress tests the usual voltage gradients were about 
9 V/mm for steel, chromium and cobalt/chromium carbide, but 11 V/mm 
for nickel; this higher value being used to try to improve the surface
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finish of the nickel. These values appear to be of the right order of size 
for good practice, although Wilson (48) says that gradients twice as large 
are used in industrial plant. The corresponding current densities were 
105 A/m2 for chromium and cobalt/chromium carbide, 1.3 x 105 A/m2 
for steel and 1.8 x 105 A/m2 for nickel. Small variations about these 
values had no noticeable effect on the finish. Wilson indicates that a 
minimum density of 2 x 105 A/m2 is usually necessary to produce a good 
finish on steel. The values that can be achieved in the experimental rig 
are therefore a little lower than ideal. Other values are also just outside 
the preferred ranges; for example Wilson quotes gap sizes down to 
0.3mm and electrolyte velocities of 30 m/s to 50 m/s.
Typical values of the surface finish achieved are listed below:
. Steel 6 pm Rt
. Nickel (Watts) 10 pm Rt
. Chromium 1.5 pm R,
. Cobalt/chromium carbide 2.5 pm R,
4.10 Residual Stresses in Specimens
4.10.1 Experimental Results
The data obtained from the machining tests provides the basic 
relationships between the outside radius of the specimen and the 
corresponding strains in the bore required for the calculation of stresses. 
Typical plots of strain against radius are given in Fig. 4. 13 and Fig. 
4.14. These were obtained from a chromium plated specimen which 
had been finished by gentle grinding. The most significant feature of the 
curve is the sharp fall in strain produced as the interface is crossed, so 
that all the coating material has been removed. This occurs to a greater
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or lesser degree in all the curves generated for chromium and 
cobalt/chromium carbide plated specimens, but does not appear in the 
curves obtained from the specimens coated with nickel.
The existence of this characteristic and the sharpness of the change is 
directly related to the degree of concentricity of the interface and the 
outer surface of the specimens. Whilst material was being removed from 
the specimens, the change in radius from the point at which the substrate 
was first exposed to complete removal of the coating was found to vary 
from 35 pm to 130 pm. Specimens coated with chromium or 
cobalt/chromium carbide had eccentricities in the lower half of this range - 
35 pm to 65 pm. All nickel plated specimens had a greater eccentricity.
The lower range of eccentricities arise from typical manufacturing 
deviations, although they are a little larger than expected. The 
eccentricity of the nickel coated specimens is too high to be attributed 
to this. No acceptable explanation has been found, but it is possible that 
the poor surface finish produced on this material by the electrochemical 
machining process is a contributing factor.
However, the'-main point is clear. The real behaviour in the interface 
region of all the nickel plated specimens has been obscured by the poor 
concentricity.
4.10.2 Calculation of Principal Stresses
The principal stresses at any radius are determined from the basic 
experimental data using the expressions given in Section 4.6. Values 
of the circumferential and longitudinal strains, the differential of these
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strains, and the corresponding radius are required, together with Young’s 
modulus and Poisson’s ratio for each of the two materials.
The accuracy of the strain and radius measurements is high. A greater 
uncertainty exists in the material constants, but the error is unlikely to 
exceed 1% for steel and 5% for the coating materials. This is discussed 
in Section 3. The slope of the strain against radius graph is potentially 
the least accurate component and has the greatest influence on the
calculated stresses. Any errors in the final values can be attributed
*
almost entirely to this factor.
Slopes were initially obtained from curves drawn by hand. Reasonable 
curves were produced. But a considerable time was required to generate 
good contours for the coated specimens and there was a tendency to 
incorporate more smoothing than was warranted. Slopes were measured 
without any great difficult, and the values obtained were fairly satisfactory 
except in the regions where the contour changed rapidly. Here the 
measured changes in slope tended to be excessive.
A significant improvement was achieved using a computer-based cubic 
spline plotting method. This generated an acceptable profile and 
provided a good estimation of the slope at most points. It also reduced 
the labour involved - a particularly important aspect in view of the large 
number of specimens.
Plots of the slopes corresponding to the sample strain against radius 
graphs are shown in Fig. 4.15 and Fig. 4.16.
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Values for the principal directions were calculated from the strain gauge 
rosette data. The calculation was based on a plane strain transformation 
about the radia! axis. Application of the transformation expression (4.21) 
to the rectangular rosette shown in Fig. 4.17 shows that the principal 
directions, measured anti clockwise from axis z, are given by expression 
(4.22). Angles calculated were usually within 15° of the polar coordinates 
in the first 400 pm below the surface, as shown in the four examples
given in Fig. 4.18. Sometimes the deviation was greater, but this tended
to be a problem associated with the regions further from the surface.
This uncertainty has been caused by the relative size of the measured 
strains. For most sets of measurements the difference between e* and
e8 is small and the sum of these components is approximately twice £45*
Consequently quite large fluctuations in the predicted angle arise from 
small errors in the individual values. No analysis of principal directions 
has been made in previous reported work, so it is not clear if the position 
is peculiar to this series of tests.
2cz. 55 (ez + e Q) + (e z - e~q) c o s  29 + yz0 sin 2 0
28 = tan'1 [>z6/(ez ' e 8}J
4.10.3 Principal Stress Profiles
Values of radial, circumferential and longitudinal stress were determined so 
that profiles could be plotted for each of the specimens.
(4.21)
(4.22)
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The calculated radial stresses were found to be much smaller than the 
other components: they did not exceed 1 MPa in either the coatings or 
the surface regions of the uncoated specimens, but rose to about 5 MPa 
near the bore. Since these values are insignificant no radial stress profiles 
have been produced.
Profiles of circumferential and longitudinal stress for uncoated and coated 
specimens are given in Fig. 4.19 to Fig. 4.37. Each is a mean curve 
representing the conditions in several specimens.
Tests were made on uncoated specimens with the material in three 
different conditions - soft and stress relieved; soft with honed and ground 
surfaces; hard with honed and ground surfaces. Some coated specimens 
were tested in the as-deposited condition; others were tested after a 
grinding operation to improve the surface. A few tests were also made on 
both coated and uncoated specimens after they had been subjected to 107 
cycles of loading close to the fatigue limit. To provide a further estimate 
of the stress levels, X-ray diffraction measurements were made at the 
surfaces of the hardened, uncoated specimens and the nickel and 
cobait/chromium carbide coatings.
Details of all these tests and the results obtained are given in the following 
sections.
All ground surfaces were generated using gentle conditions, with a wheel 
feed of about 0.01 mm on diameter, reducing to less than 0.005 mm for 
final sizing. Aluminium oxide wheels of the following grades were used : 
Universal WA60KV1 for steel and nickel; Carborundum AA100J5VF8 for
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chromium and cobalt/chromium carbide.
The wheels were formed and dressed using crushers. This gave the wheel 
an open, slightly rough surface which was expected to depress the cutting 
temperature and reduce the magnitude of the residual stress induced during 
the grinding operation.
4.10.3.1 Uncoated, Soft, Stress Relieved Specimens
Two specimens were tested in the basic double annealed condition. After 
initial turning, drilling and reaming operations they were given a thermal 
stress relieving treatment at 650° C, and this was followed by honing of the 
bore and grinding of the outer surface. Preparation was completed by a 
stress relieving operation at 650° C in vacuum.
In this condition the specimens were expected to contain little stress. They 
could therefore be used to provide some indication of the stresses arising 
from the electrochemical machining and an assessment of the accuracy of 
Sachs’ method.
The stress profiles are shown in Fig. 4.19 and Fig. 4.20. They were 
obtained by drawing the best line through the results from the two tests. 
Scatter of results about this mean line was about ± 5 MPa at all points.
Stresses at points away from the two surfaces are tensile and low, both 
components having a value of 15 ± 5 MPa over most of this region. This 
low level of stress indicates that the machining stresses are also low.
At both surfaces the stresses are compressive. The circumferential stress
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at the outer surface is -50 MPa, whilst the corresponding longitudinal value 
is -120 MPa. Larger stresses exist at the bore. The circumferential stress 
is about -120 MPa, and the longitudinal component is about -100 MPa; 
these two values are estimates, obtained by extrapolation across the last 
100 pm of tube wall. It seems likely that the stresses induced by the 
grinding and honing operations have not been entirely removed by the 
stress relieving treatment.
The profiles of both stress components are nearly in equilibrium. Checks 
using expressions (4.23) and (4.24) show that complete balance can be 
obtained by moving the zero stress line a little in the compressive direction 
- by 4 MPa for the circumferential component and 1 MPa for the 
longitudinal component. These are insignificant amounts, so clearly Sachs’ 
method is operating satisfactorily.
XF = o = 0_ dr dzy a 8
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4.10.3.2 Uncoated, Soft, Ground Specimens
A further specimen was manufactured using the basic operations used for 
the specimens of Section 4.10.3.1, but the final thermal stress relieving 
treatment was omitted. This was done so that the effect of the grinding 
operation could be observed. The residual stress profile obtained for this 
specimen would contain the full effect of the grinding operation, whilst the 
stress induced by grinding the previous specimen, should have been 
removed by the final thermal treatment.
(4.23)
(4.24)
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The stress profiles for this specimen are shown in Fig. 4.21 and Fig. 4.22. 
The uncertainty in these plots is not known since only one specimen was 
used. However, since both plots are perfectly balanced, the errors are 
unlikely to be high.
Stresses at points away from the surfaces are 35 MPa higher than those 
at similar positions in the stress relieved specimens.
More significant differences exist in the surface regions. At the bore, 
which was finished by honing, the stresses are compressive, but have a 
larger magnitude than the corresponding stresses in the stress relieved 
specimens : the circumferential stress is about -240 MPa compared with 
a previous value of -120 MPa, whilst the longitudinal stresses are about 
-280 MPa and -100 MPa respectively. The uncertainty is again a result 
of the extrapolation of the plotted values in order to reach the inner 
surface 80 pm away.
Larger changes occur in the material near to the outer surface, where the 
grinding operation has its greatest effect. At the surface the stresses are 
compressive, and in the specimen which was not stress relieved these are 
very large : calculated values being -840 MPa for the circumferential stress 
and -1060 MPa for the longitudinal stress. This prediction indicates that 
yield conditions have been exceeded. But, since the expressions (4.15) 
to (4.20) used for the calculations assume that the behaviour will be linear 
the predictions are excessive. The actual value of each component at the 
surface will be a little above the yield stress; probably reaching 
-700 MPa.
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The grinding operation therefore increases the compressive stresses at the 
surface by over 600 MPa. This is a much greater change than that 
indicated in Section 4.4.
To compensate for these high compressive stresses the material in the 
region 35 pm to 85 pm below the surface is subjected to high tensile 
stresses - up to 240 MPa for the circumferential direction, and up to 280 
MPa for the longitudinal direction. No corresponding high tension stresses 
exist in the stress relieved specimens.
4.10.3.3 Uncoated, Hardened Specimens
These specimens were hardened after the basic machining operations, 
then honed and ground, giving them a condition similar to that of many 
normal engineering components. The substrates of the coated specimens 
were also in the same state before the coatings were deposited.
Two specimens were hardened to 300 HV and a further two were given 
a hardness of 400 HV. Variations in hardness between these two values 
produced no identifiable differences in residual stress, so the results of 
tests on all four specimens were used to draw mean stress profiles.
Profiles of circumferential stress and longitudinal stress are shown in 
Fig. 4.23 and Fig. 4.24 respectively. The circumferential stress plot is in 
equilibrium. Application of expression (4.24) shows that complete balance 
of the longitudinal stress plot can be obtained by moving the zero stress 
line in the tensile direction by 2 MPa.
The general shapes of these plots are similar to those produced for the
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softer specimen which had been finished by honing and grinding, and the 
stress level away from the surfaces of about 45 MPa is almost the same. 
The scatter about this mean level caused by variations in the specimens, 
is typically ± 40 MPa. This spacing between the upper and lower bounds 
is not unexpected, and it would be unrealistic to reinterpret the figures as 
a percentage of the mean stress in this region.
The material near each of the surfaces is in compression. At the bore the 
circumferential stress is about -250 MPa and the longitudinal stress is 
about -400 MPa. The uncertainty in these values is considerable, owing 
to the variations between specimens and the need to extrapolate the 
results to the boundary. But there is a clear indication that the stresses 
are of slightly larger magnitude than those in the corresponding 
unhardened specimens.
The profiles of stress near the ground surface have a similar shape to 
those produced for the unhardened specimen, but the maximum 
compressive and tensile stresses are smaller. The values at the surface 
are -400 ± 50 MPa in the circumferential direction and -500 ± 150 MPa 
in the longitudinal direction.
The longitudinal stress profile has a shape somewhat similar to the 
predicted shape given in Fig. 4.1; but the stress in the region near the 
surface is much larger and the curve is much steeper. The measured 
surface stress is compressive, as predicted, but is over three times as big. 
To compensate for this the stress becomes tensile at a point much nearer 
the surface, and reaches a value much higher than expected.
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A similar, hardened specimen was tested at the surface using the X-ray 
diffraction method. Only the longitudinal stress was measured, and this 
was found to be -410 ± 20 MPa. The X-rays penetrate about 10 pm 
below the surface, so the value determined is an average of the stresses 
over this depth of material. The corresponding average stress obtained 
from the plotted profile of Fig. 4.24 is -390 MPa. Clearly the agreement 
between the two predictions is very good.
One further specimen of this type was tested using Sachs’ method, so that 
any modifications produced by fatigue loading could be determined. After 
the grinding operation this specimen was subjected to rotating bending 
loading for 107 cycles at a surface stress level just below the fatigue limit. 
It was noted in Section 4.3 that alternating loading of this intensity is 
sometimes recommended as a stress relieving treatment.
The stress profiles produced were positioned within the bounds set by the 
four other specimens and are therefore not illustrated separately. The 
circumferential stress at the outer surface was -460 MPa and the 
corresponding longitudinal stress was -570 MPa; both were a little larger 
than the average values for the other specimens.
Clearly fatigue loading of this magnitude has had no significant effect on 
the stress level at any point in the tube wall. It seems to be useless as 
a stress relieving treatment and is a potentially dangerous procedure.
4.10.3.4 Coated Specimens
All substrates were prepared using the procedures adopted for the 
hardened, uncoated specimens. Coatings were deposited onto the ground
4 . 3 7
surfaces.
Some specimens were used with the coatings in the as-deposited 
condition, so that the stresses induced during deposition could be 
determined. Other specimens were ground to provide a surface finish 
appropriate for a precision engineering component. The effect of grinding 
the coating could then be obtained by comparing the corresponding stress 
profiles.
The profiles are discussed in the following sections. They all contain 
considerable uncertainties in the coating and substrate regions near to the 
interface between the two parts of the specimens. The regions affected 
extend to 15 pm on each side of the interface for the specimens coated 
with either chromium or cobalt/chromium carbide, but 30 pm for the nickel 
plated specimens. These are critical regions, where the stresses change 
from tensile in the coating to compressive in the substrate; it is therefore 
particularly disappointing that the profiles are not well defined.
The lack of precision seems to be associated with the surface finish 
produced by the electrochemical machining process and a lack of 
concentricity between this surface and the interface - factors affecting the 
strain readings and the slopes derived from them, both of which have a 
strong influence on the calculated stresses. Eccentricities of 40 pm were 
noted for specimens coated with chromium or cobalt/chromium carbide; 
values for nickel plated specimens were higher, at 70 pm to 100 pm. 
Ovality was not a problem. Except for the period when the substrate was 
partially exposed, the difference in diameter measured at various points 
around the circumference did not exceed 10 pm, and was usually much
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less than this for the steel and for the chromium and cobalt/chromium 
carbide coatings.
The range of radiuses over which eccentricity was observed was larger 
than the regions within which doubtfui stresses were calculated. It was 
found that, as coating material was removed, the substrate was exposed 
at radiuses within the limits 8.95 ± 0.03 mm for the two best materials and 
8.95 ± 0.05 mm for the nickel. The greater eccentricity of the nickel 
coated specimens is probably a consequence of the much rougher surface 
produced on this material, but the effect was accentuated by preferential 
cutting of the steel when it was exposed.
The eccentricity observed as the final layer of the coating was removed 
was independent of the concentricity of the interface and the original outer 
surface of the coating. For specimens with ground coatings the 
concentricity of these surfaces was better than 10 pm, since a precision 
mandrel was used to support them during each grinding operation. The 
outer surfaces of the coatings in the as-deposited condition had much 
greater eccentricities and were ovai. But, despite these differences, the 
geometry of the electrochemicaliy machined surfaces of both types of 
specimens were identical.
Clearly a small amount of eccentricity must be an inherent feature of the 
machining rig.
A significant change in the stress distribution within the interface region 
of the substrate was found to be a feature of all the profiles produced for 
the coated specimens. In each profile the point at which the tensile stress
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reached its highest value was a shorter distance from the interface than 
the corresponding distance from the surface of the uncoated specimen. 
The change in position was not large - typically 15 pm for the chromium 
coating, 20 pm for the cobalt/chromium carbide and 25 pm for the nickel. 
But since the original position was only 65 pm from the surface the effect 
on the stress gradient in the material in the outer layer of the substrate 
was considerable.
Stresses near the bore were compressive and of similar size to those in 
the hardened uncoated specimens. The values of circumferential stress 
at the surface, obtained from the stress profiles, were 340 ± 100 MPa. 
There must be some doubt about these values since the scatter of results 
from individual specimens was high in this region, and it was necessary 
to extrapolate results over the final 100 pm of the tube wall. However, 
the errors cannot be high since it is shown in the following sections that 
the overall profiles are well balanced.
The values of stress obtained for this region are adequate for the present 
enquiry, where the condition of the material nearer to the outer surface is 
of greater importance. If better estimates are required, in order to 
examine the effects of the honing process, it would be necessary to 
reverse the experimental procedure so that strains were measured on the 
outer surface whilst material is removed from the bore.
4.10.3.5 Unground Chromium Plated Specimens
Three specimens were tested, based on substrates having a hardness of 
300 HV.
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Results from these tests were used to determine the mean profiles of 
circumferential and longitudinal stress shown in Fig. 4.25 and Fig. 4.26. 
Both are in equilibrium. The scatter of results about the mean lines was 
typically ± 20 MPa, except at the outer surface and near the interface 
where the variation in results was much greater - being ± 100 MPa at the 
outside surface.
The overall configurations within the substrate bear a strong similarity to 
the corresponding profiles for uncoated specimens. But the stress levels 
are slightly different. The tensile stresses in the central region away from 
the surfaces are about 40 MPa higher; a result consistent with the 
reduced wall thickness, since the compressive stresses near the surfaces 
have changed by only small amounts.
The stress near the interface is not clearly defined. This point was 
discussed in Section 4.10.3.4. However, at 30 pm below this surface, the 
profiles were found to be of similar form to those in the uncoated 
specimens but slightly steeper, so it was considered reasonable to 
extrapolate the curves to the interface, giving values of -500 MPa for the 
circumferential stress and -600 MPa for the longitudinal stress. These 
values are slightly larger than those determined at the surface of the 
uncoated specimens - a situation consistent with the compressive loading 
exerted by the coating.
Stresses in the coating are tensile except for the 20 pm, of material at the 
outer surface, which is in compression. The circumferential stress at the 
outer surface is -120 MPa and the corresponding longitudinal stress is 
-210 MPa. Both components rise to zero at a depth of 20 pm below the
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surface, and rise further to a maximum of 40 MPa at 35 pm, to partially 
compensate for the surface compression. The stresses throughout the 
central two thirds of the coating are very low : 5 MPa in the 
circumferential direction and 15 MPa in the longitudinal direction. Both 
stresses increase in size in the region near the interface. The 
circumferential stress rises to approximately 80 MPa whilst the longitudinal 
stress has a corresponding value of 65 MPa. But the profile is not firmly 
defined in the 15 pm nearest to the interface.
The measured longitudinal stress profile in the substrate is somewhat 
similar to the shape predicted in Fig. 4.2, but the curve is much steeper 
near the interface. At the interface the stress is compressive, having a 
value a little greater than expected. The predicted stress in the coating 
is an average value obtained from tests using standard cantilever rigs; 
it does not provide a suitable basis for an assessment of the measured 
profile.
The electrochemical machining process produced severe cracking in the 
outer surface. Electron microscope photographs illustrating this are shown 
in Fig. 4.27. Further SEM studies showed that these cracks had a depth 
of about 15 pm and that no cracks were evident in the original surface.
This cracking relieves the residual stresses in the 15 pm outer layer so 
that the effective radius is smaller than the actual outside radius. If this 
value had been used in the calculations the tensile stresses would have 
been slightly higher.
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Results from tests on four specimens were used to produce mean profiles 
of the circumferential and longitudinal stresses. The substrates of three 
of these specimens had hardnesses of 400 HV; the corresponding 
hardness of the other specimen was 300 HV.
During the electrochemical machining operation cracks similar to those 
described in Section 4.10.3.5 were formed. No cracks could be seen in 
the ground surface under magnifications of up to x 2000.
Profiles are shown in Fig. 4.28 and Fig. 4.29. They are nearly in 
equilibrium. To achieve complete balance it would be necessary to move 
the origin of the circumferential stress plot 2 MPa in the compressive 
direction; a corresponding adjustment of 4 MPa in the opposite direction 
is required for the longitudinal stress profile.
Scatter of results in the substrate is greater than those reported in Section 
4.10.3.5; ± 50 MPa being typical for points away from the interface, in 
the coating the scatter is around ± 20 MPa; but this increases to 
± 50 MPa at the outside surface.
The profiles are similar to those given in Fig. 4.25 and Fig. 4.26 for the 
unground coatings. At the outside surface, where the differences are 
expected to be greatest, the circumferential stress was -90 MPa; a 
reduction in magnitude of 30 MPa. The longitudinal stress was -250 MPa; 
an increase in size of 40 MPa.
The profile over the material 15 pm on each side of the interface is
4.10.3.6 Ground Chromium Plated Specimens
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uncertain. However, there is a clear indication that the tensile stresses 
in the coating are higher than in the unground specimens. Also the 
substrate stresses are better defined, and the estimated maximum 
compressive stresses correspond closely with the previous values.
Tests were also made on two specimens which had been subjected to 
rotating bending fatigue loading for 107 cycles at a load close to the 
fatigue limit. The stress profiles produced were positioned within the 
bounds set by the four other specimens. At the outer surface the 
circumferential stresses of -45 MPa and -85 MPa were at the higher 
(tensile) end of the stress range; the longitudinal stresses of -245 MPa 
and -255 MPa were within 1% of the average value.
Clearly the residual stresses in the ground chromium plated specimens 
have not been affected by fatigue loading near to the fatigue limit.
4.10.3.7 Unground Cobalt/Chromium Carbide Plated Specimens
Only two specimens were tested in this condition. Both had substrates 
with a hardness of 300 HV.
Mean profiles of circumferential stress and longitudinal stress obtained 
from the test results are given in Fig. 4.30 and Fig. 4.31 respectively. The 
circumferential stress plot is in equilibrium. The other plot is not 
completely balanced, but this condition can be achieved by moving the 
origin of the stress axis 4 MPa in the tensile direction.
The scatter of results is greater than in the previous tests. At points away 
from the surfaces and the interface the variation of calculated
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circumferential stress about the mean line is about 30 MPa. The 
corresponding variation in the longitudinal stress is about ± 40 MPa in the 
coating but ± 70 MPa in the substrate.
At the outside surface the stresses calculated for one of the specimens 
exceeded the ultimate tensile strength of the coating material. Clearly 
plastic straining had occurred. Since the expressions (4.15) to (4.20) 
assume linear elastic conditions the calculated stresses are greater than 
the real stresses. These are unlikely to exceed 340 MPa - see Section 
3 - so this figure has been used instead of the calculated value. Even 
after this adjustment has been made, the variation from the mean value 
is large, being ±110 MPa for each component.
Stresses in the regions up to ± 15 pm on each side of the interface are 
again not clearly defined, but they are as good as the best results from 
the chromium plated specimens.
Stresses in the substrate are largest near the interface, in order to obtain 
a reasonable estimate of these values the curve at about 30 pm from the 
interface was extrapolated to the interface to give compressive stresses 
about 100 MPa larger than those measured at the surface of the uncoated 
specimens : -550 MPa for the circumferential stress and -650 MPa for the 
longitudinal stress. In the main portion of the substrate the two stress 
components are 45 MPa and 65 MPa respectively, both values being 
close to the values measured in the uncoated specimens.
The coating is subjected to tensile stresses at ail points, both components 
having almost the same value. Near the interface the stress level is about
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180 MPa. But further into the coating the value decreases so that, at 80 
pm from the interface it is only 65 MPa. This level is maintained over a 
large amount of the coating. In the outer 120 pm stresses rise, to reach 
220 MPa at the surface.
Residual stresses in the cobalt/chromium carbide coatings are clearly 
considerably higher than the stresses in the chromium coatings. The 
difference is greatest at the surface. Here the cobalt-based coating carries 
large tensile stresses whilst the chromium benefits from compressive 
stresses of similar size.
4.10.3.8 Ground Cobalt/Chromium Carbide Plated Specimens
Five specimens with ground outside surfaces were tested. Substrates of 
three of these had hardnesses of 400 HV. The other three had been 
hardened to 300 HV.
Mean profiles produced from these tests are shown in Fig. 4.32 and 
Fig.4.33. The circumferential stress plot is in equilibrium, but to achieve 
this condition for the plot of longitudinal stress it would be necessary to 
move the origin of the stress axis 2 MPa in the compression direction.
The stresses plotted at the outside surface are not those calculated using 
expressions (4.15) to (4.20). Calculated stresses were compressive and 
very large, average values being -670 MPa in the circumferential direction 
and -830 MPa in the longitudinal direction. The yield stress of the coating, 
material is 300 MPa in tension. The corresponding value in compression 
has not been determined, but this can be expected to be only slightly 
larger. Clearly plastic straining has occurred. Consequently the stresses
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predicted using expressions based on linear elastic behaviour are much 
higher than the actual stresses. Values of both plotted components have 
therefore been reduced to -400 MPa. This modification affects the profile 
in the outer 10 pm only.
The scatter of results about the mean profiles is ± 40 MPa in the coating 
for all points away from the surfaces. This is similar to the variation in 
the results obtained from the unground specimens. Scatter of the 
substrate values away from the surfaces is only ± 25 MPa.
Lack of definition of the profile in the regions on each side of the interface 
is again a problem. The curves in the substrate are similar to those for 
the unground specimens, giving values at the interface of -500 MPa for 
the circumferential direction and -600 MPa for the longitudinal direction. 
On the other side of the interface both components are tensile, with values 
of about 150 MPa.
The most significant differences between the stress profiles for these 
ground specimens and the previous unground specimens occur at the 
outer surface, where the grinding operation has induced the very high 
compressive stresses noted in the third paragraph. This is in strong 
contrast with the tensile loading experienced by the outer layers in the as- 
deposited condition. It seems that in order to provide some compensation 
for this large change in the coating, the stresses in the substrate, at points 
away from the surfaces, have been reduced to 25 MPa, a value 
significantly below the corresponding stress level in the uncoated 
specimens.
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X-ray diffraction measurements were made on the surface of one 
specimen having the shouldered form discussed in Section 5. The 
circumferential component was measured at several points, and was found 
to be -410 ± 70 MPa. Since the X-rays penetrate 4 pm below the 
surface, this value represents the average circumferential stress in this thin 
layer of material.
The corresponding value shown in the profile of Fig. 4.32 is -390 MPa. 
However, since this figure was obtained after adjustments had been made 
to those calculated values which exceeded the yield stress, it would be 
more appropriate to make the comparison with the original stress values. 
These were -580 ± 200 MPa. The mean X-ray value is just within this 
range.
4.10.3.9 Unground Nickel Plated Specimens
Only two specimens were tested in this condition. Both had substrates 
with a hardness of 300 HV.
Mean profiles of circumferential and longitudinal stress obtained from the 
test results are given in Fig. 4.34 and Fig. 4.35 respectively. Both plots 
are in equilibrium,. However, there is considerable uncertainty about the 
profiles in the 30 pm of material on each side of the interface, where the 
experimental values are unrealistic. The problem is much worse than that 
experienced with the two other coatings. Reasons for this were presented 
in Section 4.10.3.4. To produce an acceptable plot in the outer region of 
the substrate the curve was made to follow a path similar to that 
developed for the other coated specimens. Profiles in the adjacent part 
of the coating were extrapolated from the curve outside this region.
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Scatter of the results about the mean line was low - typically ± 20 MPa - 
except at the surfaces and the interface.
Stresses in the main part of the substrate were close to zero, a lower 
value than that in other specimens. But the coating stresses were higher 
and tensile, both components having values of about 70 MPa in the centre 
of the coating, rising to 270 MPa at the outer surface. These stresses are 
higher than those in either of the other coatings and possibly account for 
the low stresses in the substrate.
To determine the affect of fatigue loading one further test was made; on 
a specimen which had been subjected to rotating bending for 107 cycles 
at a load near to the fatigue limit. Stress levels in the substrate of this 
specimen correspond closely to those in the other specimens. There are 
differences within the coating, but these exist only in the interface region 
and near to the outer surface. In the interface region both stress 
components are highest in the fatigue loaded specimen, the greatest 
difference being about 80 MPa at 50 pm inside the coating. At the outer 
surface the tensile stresses are about 100 MPa lower than the stresses 
in the other specimens.
Clearly the distribution of stress within the fatigue tested coating is not the 
same as that in the other specimens. However the number of specimens 
used is too small to indicate conclusively that the difference is a 
consequence of the fatigue loading.
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Results from tests on four specimens were used to produce mean profiles 
of stress. The substrates of two of these specimens had a hardness of 
400 HV; the other two had been hardened to 300 HV.
The profiles of circumferential and longitudinal stress are shown in Fig. 
4.36 and Fig. 4.37 respectively. The shape in the interface region has 
been estimated; the calculated stresses in this region were unacceptable, 
so alternative curves were generated in the manner outlined in Section 
4.10.3.9. The plots shown are in equilibrium.
In the substrate the variation of results about the mean line was low for 
points away from the bore and the interface; ± 15 MPa was typical. But 
the variation was much greater at the outside surface, where extreme 
values of circumferential stress were ± 200 MPa from the mean and the 
corresponding range for the longitudinal stress was ± 100 MPa.
Stress levels in the main part of the substrate were low : zero in the 
circumferential direction and 15 MPa in the longitudinal direction. These 
values are close to the values in the specimens with unground coatings, 
a result significantly different to that noted in Section 4.10.3.8. In the 
central part of the coating both stress components had values of about 
110 MPa. These values are substantially higher than the corresponding 
values in the unground coatings, possibly as a consequence of the 
changes produced by grinding the surface.
Material near to the ground surface carries compressive stresses. The 
calculated values at the surface of two of the specimens exceeded the
4.10.3.10 Ground Nickel Plated Specimens
4 . 5 0
yield stress. Using the argument outlined in Section 4.10.3.8 these values 
were reduced to -350 MPa a value slightly greater than the yield stress 
in tension. With this modification the mean stresses at the surface were - 
150 MPa in the circumferential direction and -280 MPa in the longitudinal 
direction. These values compare very favourably with the large tensile 
stresses found at the surface of the unground coatings.
Tests were also made on one specimen which had been fatigue tested 
in rotating bending for 107 cycles, at a load near to the fatigue limit. 
Stress levels in both the circumferential and longitudinal directions were 
within the bounds set by the four other specimens. And at the surface 
each component was about 20% larger than the value used in the profile.
It is clear that the residual stresses in ground nickel plated specimen were 
not affected by fatigue loading near to the fatigue limit.
X-ray measurements were made on a similar basis to that outlined in 
Section 4.10.3.8. The average circumferential stress in the outer 4 pm of 
the coating was found to be -80 ± 50 MPa. The corresponding value from 
the Sachs’ analysis was -130 ± 200 MPa.
4.11 Conclusion
Sachs’ method can be extended for use on axisymmetric tubular 
specimens made from more than one material, and produces acceptable 
radial profiles of the three principal stress components. Experimental and 
analytical procedures become tedious when a closely defined profile is 
required across the wall of a coated specimen. The analytical aspects are 
performed most accurately, consistently and conveniently on a computer,
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but on the experimental side the operator is committed to a programme 
of repetitive operations over a period of at least eight hours. Currently 
available strain gauges and instrumentation are just adequate to cope with 
the small changes in strain which occur when small amounts of material 
are removed from the outside of coatings on relatively small specimens, 
and are sufficiently stable for the period of the test.
Electrochemical machining is the ideal process for reducing the outside 
diameter of a specimen; fine or coarse cuts can be made without 
inducing residual stresses, and changes in circuit resistance due to 
disconnection of the strain gauges can be avoided.
It is essential to use several specimens of each type, since variations 
between the results from individual specimens can sometimes be wide. 
This variability is an inherent feature of the specimens, owing to 
differences in the materials and the manufacturing processes, but is also 
present in the analytical operations. At points away from the surfaces and 
interfaces a variation ± 30 MPa about the mean stress level is typical; at 
the surfaces the scatter can exceed ± 100 MPa.
Stress profiles across small regions near the interfaces of all specimens 
are not well defined. They are particularly poor for nickel plated versions. 
At the interface the stress is discontinuous, changing from tensile in the 
coating to compression in the substrate. It is therefore a difficult region 
to handle experimentally; only a small amount of eccentricity or a poor 
surface finish is required to produce a situation where parts of the 
substrate surface are exposed before the coating has been completely 
removed.
4 . 5 2
The stress profiles for uncoated specimens hardened to either 300 HV or 
400 HV are indistinguishable. Central parts, away from the outside 
surfaces, carry tensile circumferential and longitudinal stresses of about 
40 MPa, established during the hardening process. In the outer regions 
these stress components are larger but compressive; both the hardening 
and the finishing processes make a contribution to these values.
Stresses induced In the bore as a result of the honing operation increase 
the size of the surface stresses to about - 300 MPa in the circumferential 
direction and - 400 MPa in the longitudinal direction.
The gentle grinding operation used to finish the outer surface induces 
large compressive stresses which affect the surface regions of steel, nickel 
and cobalt/chromium carbide to a depth of about 30 pm. Residual 
stresses in chromium are not changed. For soft steels, strains greater 
than the yield stress are established in the surface. The effect on steel 
hardened to 300 HV or 400 HV is lower but the compressive stresses at 
the surface are increased by about 400 MPa. Changes of -600 MPa are 
produced in the surface of cobalt/chromium carbide and nickel.
The inherent stresses developed In the coatings during the 
electrodeposition processes are tensile, except for a small region at the 
outer surface of the chromium deposit. For the 200 pm and thicker 
coatings used in this investigation, the circumferential and longitudinal 
stresses in the first 50 pm of the chromium and cobalt/chromium carbide 
to be deposited are higher than the corresponding stresses in the main 
part of the coating, where both components have values of about 10 MPa 
in the chromium, 65 MPa in the cobalt/chromium carbide and 90 MPa in
4 . 5 3
the nickel. Stresses are also high in the outer 80 pm of the 
cobalt/chromium carbide and nickel coatings, exceeding 200 MPa at the 
surface. In contrast the outer 20 pm of chromium is in compression.
Deposition of a coating alters the stresses in the substrate material 
adjacent to the interface, so that they become more compressive. The 
nickel coating also appears to have a strong effect on the stress level in 
the main part of the tube wall, reducing both components to almost zero. 
Cobalt/chromium carbide has a similar but much smaller effect.
The equilibrium of the stress distributions is very good. Many of the 
profiles produced are completely balanced; the others can be balanced by 
changing the origin of the stress axis by less than 5 ±MPa.
Although the calculated principal directions are in most cases aligned 
moderately well with the longitudinal and circumferential axes, the results 
are not consistent. This is an aspect of Sachs’ method which has not 
been previously reported; it would be useful to examine this point carefully 
in further investigations.
Fatigue loading using stress amplitudes near to the fatigue limit has no 
effect on the stresses in ground specimens in either the coated or 
uncoated state.
The X-ray diffraction method can also be used to determine the stresses 
in the material near the outer surface. For steel it gives values close to 
those predicted by Sachs’ method. For cobalt/chromium carbide and 
nickel the two methods produce values of comparable size, but doubts
4 . 5 4
exist about the accuracy of the X-ray analysis on these materials. The 
cost of producing profiles would be many times greater than the cost of 
a Sachs’ analysis. It is therefore not at present a viable alternative 
method.
4 . 5 5
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Fig. 4.4 Section of Tubular Specimen
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5. FATIGUE STR EN G TH  O F  ELECTRO PLA TED  C O M PO N EN T S
5.1 T he E ffec ts  o f C o a tin g s
Most en g ineers accep t that c h a n g es  in the surface finish and the  
condition of the surface of a  com ponent will have an effect on its fatigue 
strength. However, the very large ch a n g es  that can occur when surfaces  
are hardened or coatings are added are rarely appreciated. For exam ple, 
few  design ers are aware that the fatigue limit of a stee l beam  with a high 
stress  concentration can be increased  by five tim es when it is flame 
hardened (75). And a  sm aller number know that the strength of an 
unnotched stee l beam  can be reduced by a similar factor when a  steel 
coating is added by manual arc welding, leaving the beam  with only 
twenty percent of its original load-carrying capacity (76).
Electroplating can reduce fatigue strength. Whilst in so m e  applications 
the effect of th e se  coatings h as been  found to be insignificant, m any 
exam p les of substantial reductions in strength have been  reported (18).
5 .2  F a cto rs  A ffectin g  F a tigu e  S tren g th
At an engineering level the fatigue behaviour of com p onents without 
significant structural flaws and cracks is influenced by factors such  a s  the  
s ize  and distribution of the inherent material strength, the applied stress, 
the residual stress, and the effects of corrosion, w ear and fretting etc.
W hen the behaviour of a  part having a  surface layer distinctly different 
to that of the substrate is being exam ined, it is useful to consider the
5.1
interaction of the strength and stress  profiles under conditions where the  
surroundings have little effect. This simplified approach w as adopted. 
C onsequently no consideration h as been  given to the effects of corrosion  
and w ear p ro c e sse s .
The fatigue limit of sm ooth cylindrical sp ec im en s correlates well with 
hardness for s te e ls  having an ultimate tensile strength below  about 1400  
MPa (89, 90). A radial hardness profile can therefore be u sed  to 
produce a  corresponding fatigue strength profile. Typical profiles 
generated in this w ay from data for induction hardened sp ec im en s (77) 
are show n in Fig. 5 .1 , marked |3.
It is not possib le to determ ine strength profiles for deposited  coatings in 
the sa m e  way, s in ce  correlation betw een fatigue limit and hardness has  
not been  dem onstrated for th e se  materials. Instead u se  must be m ade  
of the results of fatigue te sts  on sam p les of the coating material or 
similar te s ts  on coated  sp ec im en s in which the strength of the specim en  
is clearly controlled by the coating. T h ese  alternatives w ere raised in 
Section 3 w hen the strategy for m onotonic testing w as d iscu ssed ; it w as  
show n there that a  suitably proportioned com posite specim en  should be  
used . Many fatigue te s ts  have been  m ade in the past on strong steel 
sp ec im en s coated  with eiectrodeposited  chromium and nickel (1 8 ,1 9 , 72), 
s o  that it is possib le  to generate approximate strength profiles for th e se  
materials. Typical profiles for chromium plated s te e ls  are shown in 
Fig. 5 .2 , marked [}; low strength and high strength substrates have been  
included. Nickel plated s te e ls  have similar profiles, but the strength of
5.2
the coating is slightly lower.
Profiles of the s tress  produced by the applied external loading are 
relatively e a sy  to visualize. Exam ples for sim ple tension and bending  
ioads are incorporated into Fig. 5.1 and Fig. 5 .2 . In a  real com ponent 
th e se  basic  profiles are modified by the effects of geom etric  
discontinuities, the preparation of the substrate before receiving the  
coating, the surface topography of the coating, and any structural d efects  
within the coating. Many coated  engineering com ponents are finished by 
grinding or so m e  other machining p rocess. This operation im proves the  
surface sh a p e  and rem oves crack-like defects in the surface region, so  
that there is le s s  local amplification of s tr e sses . However, except where  
p r o c e sse s  such  a s  electrochem ical machining are used , residual s tr e s se s  
are introduced.
Residual s tr e s se s  are of course a lso  induced at earlier s ta g e s  in the 
production of a  com ponent. T h ese  s tr e s se s  are generated  during the  
hardening, machining and electroplating p ro cesses , and were d iscu ssed  
in detail in Section 4.
The strength and s tress  profiles of Fig. 5 .2  sh ow  that the type of loading 
- tension or bending - is unlikely to have any significant effect on the  
fatigue limit s tress  and strain; although experience with stee l sp ec im en s  
Indicates that small d ifferences can be expected  (7). For each  type of 
loading, cracking will be initiated in the substrate w hen its strength is low. 
But when medium and higher strength s te e ls  are u sed  the fracture
5.3
surface can be expected  to start at the outside, and the fatigue strength 
will be determ ined by the strength of the coating material.
Variations in substrate strength will then have no effect, and the
percentage reduction in fatigue limit load will b ecom e larger a s  the
strength of the substrate material is increased. This characteristic is
illustrated in Fig. 5 .3 , b a sed  on experimental va lues of Williams and  
Hammond (72) and others (18). The corresponding plot for Watts nickel 
(18, 72) is given in Fig. 5 .4 . The presentation in this form is much 
clearer than that given by Williams and Hammond.
5 .3  S c o p e  of th e  F a tigu e  S tren g th  In vestiga tion
Whilst the behaviour of small unnotched sp ec im en s coated  with chromium  
or nickel is reasonably well defined, little is known about the ch an ges in 
fatigue strength ca u sed  w hen similar coatings are deposited  in regions 
including a shoulder or other geom etric discontinuity. In such  regions the 
gradients of applied stress  and strain are high near the surface. A 
typical s e t  of predicted profiles for chromium plated b eam s having
shoulders with stress  concentration factors of 1.4  is show n in Fig. 5.5. 
This indicates that failure will a lw ays start in either the coating or the  
outer region of the substrate.
Electroplating is not often u sed  at shoulders. P rocessing  difficulties are 
usually su g g e ste d  a s  the reason for avoiding th e se  areas. The bath 
plating p rocess is certainly inefficient at a re-entrant corner, producing 
d ep osits which are thinner than in the regions aw ay from the
5.4
discontinuity. However, for precision com ponents finished by grinding, 
sufficient material can usually be deposited  to allow the final sh ap e  to be  
ach ieved  without too much additional cost.
The real deterrent would se e m  to be the lack of information about the 
ch a n g es  in fatigue strength. Failures at the highly s tr e ssed  shoulders of 
crankshafts w ere reported by Byer et al (78), but excep t for the  
recom m endations in that paper no useful design  data has been  
published.
This fatigue strength investigation w as se t  up to determ ine the actual 
effect of depositing a  coating at a  shoulder, provide explanations for 
ch a n g es  in fatigue strength, and m ake recom m endations for the coating  
of shouldered shafts.
The work w as focu sed  on a  ser ie s  of te sts  on sim ple shouldered shafts  
of substantial s ize , in which the two diam eters w ere of fixed s ize  and the  
fillet radius w as varied to provide configurations with s tress  concentration  
factors up to 2.7. A typical shaft is show n in Fig. 5 .6 . Coatings w ere  
applied over the w hole of the critical region - the sm aller diameter, the  
fillet and the vertical wall of the shoulder. T ests  w ere a lso  m ade on 
unshouldered shafts, so  that the basic load-carrying capacity of uniform 
bimetallic shafts could be estab lished .
Coatings on com m ercial shouldered shafts are usually terminated* s o  m e 
distance from the fillet, s o  that no coating material is deposited  in the
5.5
m ost highly stressed  regions. Shaping of the substrate to accept a  
coating produces a  s tr e ss  concentration at the end of the coated  region. 
W hen this discontinuity is not near to the shoulder the amplification of 
stress  is not high. But when the coated  region en d s near to the fillet, 
a s  it d o es  in a  crankshaft journal, the effect may be greater, sin ce  there 
is an interaction betw een  the two discontinuities.
The juxtaposition of shoulders and the en d s of coated  regions w as  
exam ined. The configuration u sed  is shown in Fig. 5.7.
Subsidiary tests  w ere required to provide supporting data. T ensile te sts  
had to be m ade on the substrate material in order to validate the bending 
tests . Further bending te s ts  w ere a lso  necessary . T h ese  w ere run on 
thin-walled tubular sp ec im en s of the type used  for the residual stress  
tests , s o  that the residual s tr e s se s  were known precisely. The  
configuration is show n in Fig. 5 .13 . A substantial proportion of the total 
load is carried by the coating. S p ecim en s of this type w ere also  used  
to check  the effect of c h a n g es  in substrate strength.
A sum m ary of the testing programm e is given in Table 5.1.
5 .4  S p e c im e n s
5.4.1 S iz e  and  S h a p e
A large proportion of the shafts u sed  in pum ps, com pressors, industrial 
turbines and reciprocating en g in es have diam eters betw een  20 mm and 
120 mm. E ngineers at m any of the firms consulted  at the start of the
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project em p h asised  the im portance of using m odels which w ere similar 
in s ize  to the real shafts; the usual small sp ec im en s of about 8 mm 
diam eter being unrepresentative of actual conditions. They recom m ended  
a  b a se  diam eter of at least 25  mm. This view is supported by the 
results of rotating bending te sts  on uncoated cylindrical sp ec im en s show n  
in Fig. 5 .14 . T h ese  curves sh ow  that s iz e  is a  more important factor for 
small sp ec im en s than for larger o n es, and the results are influenced by 
the finishing p rocess. C urves are show n for m echanical polishing and  
for electropolishing. The effect of gentle grinding is not known; a curve 
for sp ec im en s finished by this p rocess would probably be positioned  
betw een the other two curves.
A minimum diam eter of 25  mm w as se lec ted  for the specim en  shafts.
The tubular sp ec im en s u sed  for the subsidiary te s ts  w ere sm aller than 
the shouldered shafts. This w a s  unavoidable, sin ce  it w as essentia l to 
u se  sp ec im en s identical to th o se  u sed  for the residual s tress  analysis, 
so  that the m easured residual stress  profiles would be directly applicable. 
Fig. 5 .14, produced for unplated stee l, indicates that the coated  tubes  
may have a slightly greater fatigue strength than the corresponding  
25  mm diam eter shafts.
It w as a lso  n ecessa ry  to m ake alternating tension/com pression  tes ts  on 
the substrate material. The Type 2 sp ec im en s show n in Fig. 5 .12  w ere  
u sed . No problem s of s iz e  arise sin ce  the fatigue limit for this type of 
test has been  found to be essentia lly  independent of the specim en
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diam eter (7). It w as therefore realistic to u se  sp ec im en s of about 10 mm 
diameter.
Eight different basic sh a p e s  w ere required to cover the whole test 
programme. T h ese  are listed in Table 5.1, and the final sh ap e and s ize  
of each  is illustrated in Fig. 5 .6  to Fig. 5 .13. Profiles of actual sp ec im en s  
w ere checked  using a  projection m icroscope. Grinding w as done using 
fairly soft aluminium oxide w h ee ls  d ressed  and formed by crushers. This 
dressing p rocess ensured  that the profiles did not vary by more than the 
small amount produced by w ear of the w heel betw een redressing  
operations.
5 .4 .2 . C oatin g  T h ic k n e ss
The th ickness of the deposited  coating is som etim es significant. For 
exam ple, the fatigue limit of sp ec im en s plated with nickel d e c r ea se s  a s  
the coating th ickness is increased . And the change can be considerable, 
particularly where thin coatings are u sed  (19). A typical curve show ing  
the relationship betw een the fatigue limit and th ickness for this material 
is given in Fig. 5 .15 . This is b ased  on work by Sanborn and Carlin (79). 
It is clear from the graph that the further d ecrea se  in fatigue limit for 
th ick n esses  greater than 200 pm is unlikely to be greater than 5%. This 
would appear to be a  suitable s ize  to u se  the nickel plated shafts; on a  
diam eter of 25 mm it g iv es  a  diam eter/coating th ickness ratio of 125. In 
contrast to this, the th ickn ess of chromium is not a  significant factor when  
the th ickness is greater than 3 pm, (72). Nothing is known about the 
influence of different th ick n esses  of cobalt/chromium carbide.
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A  thickness of 200 p m  w a s  used for all specimens.
5 .4 .3  L oad ing
During service m ost shafts are subjected to torsion, bending, shear and  
axial loads. Usually the s tr e s s e s  due to the torsion and bending loads  
are considerably larger than th ose  contributed by the other com ponents. 
T h ese  are, therefore, the loads which should be applied to the specim en  
shafts.
Now, both torsion and bending loads generate zero strain at the centre  
of the cross section , and produce the largest strains at the surface. 
C onsequently for materials without major defects, the origin of fatigue 
failure for ail uncoated shafts loaded in this way must be at the surface. 
The diagram s of Fig. 5 .2  and Fig. 5 .5  indicate that steel shafts of 
medium strength, coated  with chromium also  fail from the surface.
W hen unnotched, uncoated  shafts are tested  under torsional loading the  
maximum sh ear  stress  at the fatigue limit is usually only 10% to 15%  
greater than the corresponding value for rotating bending (7). The sh ear  
stress  gradients a cross the shafts are therefore alm ost identical.
Clearly either torsion or bending te s ts  could be used . But bending loads  
are much ea sier  to apply, making the cost much lower than for torsion. 
Specim en  shafts for this investigation w ere therefore tested  in bending.
The rotating m ode w a s  used . This is appropriate for m odels of rotating
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shafts. Also, previous work on uncoated specim ens has shown that the 
fatigue strength in rotating bending is lower than that for plane bending.
5 .4 .4  Surface Finish
Surface microcracks are produced when the cyclic shear stress at the 
surface ex ceed s  a certain critical value (7). The load to produce this 
condition can be affected by the sm oothness of the surface. And where 
surface notches exist the stress is amplified at the root of the notch, so  
that initiation is likely to occur at this point.
It is not possible to produce surfaces without irregularities, but fatigue 
specim ens have been produced with a  surface finish of 0.06 pm (7). 
This w as achieved by mechanical polishing. Recognising that this is 
possible, the British Standard on fatigue testing (80) specifies that small 
specim ens must be polished in this way to a finish of better than 
0.13 pm Ra.
The texture of th ese  surfaces is unnecessarily smooth. The process itself 
may also be inappropriate, since it work-hardens the surface, a condition 
which im pedes the initiation of cracks, and introduces com pressive  
residual s tr e sses  into the surface layers, so  that the development of 
microcracks to the macrocrack stage is hampered. As a  result of these  
two factors the fatigue strength is enhanced by about 15% relative to that 
of specim ens finished by electrolytic polishing or fine grinding(7).
Ground specim ens tend to give le ss  consistent results than those finished 
by electrolytic polishing, since variations occur in the surface topography
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and the residual s tr e ss  state, both of which have an influence on the  
fatigue strength. W here gentle grinding is used , so  that the surface  
residual s tr e s se s  are com p ressive, the variation is sm all. Under th e se  
conditions fatigue behaviour s e e m s  to be controlled by the conditions just 
below the surface, w here the residual s tr e sse s  are tensile and le s s  varied 
- a  point d iscu ssed  in greater depth in Section 6.
The shafts being sim ulated are normally ground, with a  finish of about 
0 .4  pm Ra. It is therefore desirable to grind the m odels to a similar 
topography, u n less this proves to be too rough to ach ieve consistent 
results.
T ests  to determ ine the effect of grooves produced by grinding indicate 
that th e se  notches have no effect on the fatigue strength of m ost s te e ls  
when Rt, the overall depth of a  groove, d o e s  not e x c ee d  2 .5  pm. For 
cylindrical sp ec im en s of norm alised 0.45%  C stee l having a ground finish, 
the rotating bending fatigue limits for Rt = 2 pm and for F^  = 0 .5  mm are 
the sam e; but if Rt is increased  to 8 pm the fatigue limit is reduced by 
2% (81). The effect of groove depth is greater for harder s te e ls  (7); the 
rotating bending fatigue limit for hardened plain carbon s te e ls  is the sa m e  
for Rt = 2 pm and Rt < 1pm, but when Rt = 10 pm the fatigue limit is 
reduced by 10% (82). Our te s ts  on 300 HV stee l have show n that 
grooves up to 2 .5  pm in depth have no significant effect on the fatigue 
limit.
A similar finish is appropriate for the substrates of coated  sp ecim en s.
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Platers normally ask  for a  good finish on the areas to be plated. But 
Rt = 2 .5  pm is adequate for s te e ls  having a hardness of 300  HV to 
400  HV. A coarser finish could be used  without affecting the fatigue 
strength sin ce, a s  indicated in Fig. 5 .2  and Fig. 5.5, the amplification of 
stress  at the substrate surface would have to be very high before fracture 
could be initiated in this region.
E lectrodeposited nickel is h om ogen eou s and has a  crack initiation s ta g e  
similar to that of the harder s te e ls . A surface finish similar to that used  
for the stee l would be appropriate. But the actual surface produced by 
gentle grinding w a s better than this, with Rt < 1.5 pm.
The finish on chromium and cobalt/chromium carbide coatings is le ss  
critical, s in ce  th e se  materials contain a  large number of substantial 
discontinuities. G rooves up to 5 pm in depth are unlikely to affect the 
fatigue strength, but in practice a  much better finish can be produced. 
Chromium w as relatively e a sy  to grind, and ail su rfaces were given a  
finish better than 1 pm Rt. Cobalt/chromium carbide ten ded  to g laze  the 
grinding w heel, and so m e  gouging of the surface usually occurred, but 
the finish w a s in the range 2 pm < Rt < 2 .5  pm.
5 .4 .5  M anufacture
The basic  form of all sp ec im en s w as produced by turning; with additional 
drilling and reaming operations for the tubular versions. This w as  
followed by hardening, the honing of tubular sp ec im en s, and grinding to 
produce the pre-coating or finished d im ensions and the required surface
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topography.
C oatings of nickel and chromium w ere deposited  directly onto the ground 
surfaces, but a preliminary coating of a few  microns of nickel w as u sed  
a s  a b a se  for the cobalt/chromium carbide coating. The surfaces of m ost 
of th e se  coatings w ere then finished by grinding, using the gentle  
procedures estab lish ed  for the residual stress  sp ec im en s.
5 .5  T estin g  M eth od s
Fatigue te sts  w ere m ade in the tension/com pression  and rotating bending 
m odes.
5.5.1 T e n s io n /C o m p r e ss io n
T ension/com pression  te s ts  on the Type 2 sp ec im en s show n in Fig. 5 .12  
w ere m ade in a  standard, calibrated, servo-hydraulic testing m achine. 
S p ecim en s w ere secu red  in the m achine using the clamping d ev ice  
show n in Fig. 5 .16 , which w as supplied by the m achine manufacturer.
This clamping system  w a s basically unsound, but a satisfactory operating 
method w a s d ev ised . Axiaiiity of the load could only be achieved  if the  
longitudinal strain, in the critical region w as monitored whilst the clam ps  
w ere tightened. To do this four 120 Q, 3 mm linear strain g a u g e s  w ere  
positioned at equal d istan ces around the circum ference. Very fine 
adjustm ents of the bolt loads w ere required. But control w as good, so  
that for each  specim en  tested  the strain variation around the  
circum ference under a  load of 25  kN in tension and com pression  did not
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ex c ee d  30  microstrain - 2% of the average strain. W hen this a ssem b ly  
procedure w as not u sed  the corresponding variations in strain were  
betw een 200  microstrain and 400 microstrain.
To test the specim en  shafts a  rotating bending m achine w as required, 
which could apply m om ents up to 600  Nm and apply this load without 
variation along the critical length of the shaft.
A suitable m achine w as d esign ed  and built. This is illustrated in Fig. 
5 .17  and Fig. 5 .18 . D ead w eights are used  to provide the loading. The 
load on the carrier is amplified through levers and is divided into two 
separate forces s o  that a  couple is exerted on the test p iece. W hen  
fatigue cracks form in the test p ieces, they are normally allowed to 
propagate to com plete fracture. At the termination of a  test, power to the  
motor is sw itched off by a microswitch when the flexibility of the model 
has increased  to such  a  level that com plete failure is imminent. The  
m achine then stop s in 30  revolutions, without the u se  of a brake. 
Specim en lifetimes are recorded by an electronic counter operated by a  
photoelectric sen sor, and every cycle  is displayed. T ests  can also  be  
terminated automatically at any predeterm ined number of cycles.
Two major d efects  in the design  b ecam e apparent during com m issioning  
trials. The running tem perature of the bearings w as too high, and the  
interaction betw een  the sp ecim en  tapers and the holders on the m achine  
produced unacceptably sev ere  fretting.
5 .5 .2  B e n d in g
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It had been  the intention to rotate the sp ec im en s at 2700  rev/min - the 
maximum sp e e d  recom m ended for the main shaft bearings. However, 
at this sp e e d  the outside tem perature of the plummer blocks ex ceed ed  
95° C when the sh afts had been  running for 2 hours. Clearly the  
bearings would not survive long term tests. The specim en  tem perature 
w as a lso  much too high. Lower sp e e d s  were tried, and 1700 rev/min 
w as found to be suitable. But even  at this sp e e d  the laboratory 
conditions w ere found to have a  critical influence. The m achine w as  
installed in a  very sm all room. C onsequently the am bient temperature 
of the room increased , a s  the test proceeded, and there w as a 
corresponding rise in the tem perature of the bearings and the specim en . 
To deal with this a fan w as installed and the laboratory door kept open  
to provide a  good flow of air over the rig. The arrangem ent worked well. 
Plummer block surface tem peratures during the fatigue tests  w ere  
typically betw een 35° C and 50° C, with a  specim en  tem perature of about 
28° C.
Fretting betw een  the tapered en d s of the sp ec im en s and a  pair of holders 
m ade for the com m issioning trials produced two fretting fatigue failures.
To avoid further failures new  holders were produced. T h ese  were much 
harder - 750  HV - had better concentricity and a sm oother bore. The 
tension in the securing bolts w as also  increased to 110 Nm, and  
con sisten cy  of loading w as improved by using a  torque wrench. The  
im provem ent in behaviour w as marked. The d am age to the sp ec im en s  
becam e too small to c a u se  failure. There w a s  still slight d am age to the
5.15
bores of the holders, but over 100 sp ec im en s w ere tested  before it w as  
n ecessary  to regrind them .
The loading m echanism  on the m achine w as d esign ed  to convert a dead
weight of 1 N into a  m om ent of 1.5 Nm on the test p iece. Calibration
tests  show ed  that, excep t at iow loads, the actual perform ance w as c lo se  
to this, being M = 1.46 F for loads betw een 100 N and 300  N. the 
repeatability of loading w as ±4  Nm when F = 300  N, i.e. better than 
1%. For loads betw een 10 N and 70 N, applied through a  different se t  
of holders, the corresponding relationship w as M = 1 .35 F, with a
repeatability of loading better than 1% at F -  70  N.
The variation of surface strain along a  typical loaded specim en  w as  
negligible. This w as ch eck ed  using a  Type E specim en  and 13 linear 
strain g a u g e s  aligned in the longitudinal direction; te sts  in the m achine  
produced a variation in strain along the cylindrical portion of le s s  than 
1%.
Alignment of the m achine shafts, so  that no unintentional loading w as  
exerted on the specim en , w as a  relatively sim ple operation. C hecks  
m ade using the strain gau ged  Type E specim en  sh ow ed  that, after 
setting the bearings, rotations of the shaft assem bly  produced a maximum  
variation of strain in the unloaded specim en  of about 12 microstrain. This 
corresponds to a  ch an ge  in bending m om ent of 4 Nm - a  variation of 
le s s  than 1% when the applied load is 300  N.
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5.6.1 O verv iew
The results of the fatigue te s ts  are show n in the plots of surface strain 
amplitude against life presented  betw een Fig. 5 .19 and Fig. 5 .31 . The  
main va lu es extracted from th e se  plots are the fatigue limit strains or the  
strains corresponding to a  life of 107 cycles. T h ese  va lu es are given in 
Table 5.1. This information could have been  obtained using the Staircase  
Method. But the strain against life plot w as preferred, so  that the 
expected  scatter arising from variations in coatings of the sa m e  material 
wouid be illustrated clearly and could be taken into account.
Strain amplitude ■ w as used  instead of load, in order to cop e  with 
variations in the s iz e  of sp ec im en s. The strain profile over the section  
of a  coated  unshouldered shaft is a sim ple straight line from zero at the 
centre to maximum at the surface. It is alm ost identical to the profile for 
an uncoated shaft of the sa m e  outside diameter subjected to the sa m e  
load; the strain at the surface of the coated  shaft being at the m ost only 
1% greater than the corresponding strain in the uncoated shaft. The 
effect of coatings on the fatigue load-carrying capacity can therefore be 
determ ined directly by comparing the surface strain am plitudes for the  
coated  and uncoated versions.
The strain plotted for the shouldered sp ec im en s is the surface strain at 
points unaffected by the strain concentration at the shoulders. This w as  
calculated using equation (5.1), the derivation of which is given in 
Appendix 1. Predictions using this equation differ from experimentally
5 .6  F a t ig u e  S t r e n g t h  o f  S h o u l d e r e d  S h a f t s  a n d  T u b u la r  S p e c i m e n s
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m easured strains by le s s  than 1 %.
All curves drawn through the plotted points represent attem pts to illustrate 
the m ean perform ance. But w here there is considerable scatter the line 
has been  b iased  towards lower values, so  that effectively the curves have 
reliability factors of betw een 50%  and 80%. The m ean curves drawn for 
shouldered sp ec im en s have an effective reliability factor of 70%, sin ce  
two shoulders w ere tested  sim ultaneously (83).
The effect of coating around shoulders is sum m arized in Fig. 5.21 and  
Fig. 5 .25 , where surface strain amplitude has been  plotted against the 
strain concentration factor. The actual factor u sed  w as the stress  
concentration factor obtained from the ESDU data bank (84). This w as  
acceptable, s in ce  strain g au ge  m easurem ents on coated  and uncoated  
sp ec im en s with a 4 mm fillet radius produced strain concentration factors 
within ±2% of the published s tress  concentration factors.
The effect of ending a  coating at a  point just aw ay from the shoulder is 
illustrated in Fig. 5 .28 .
5 .6 .2  U n co a ted  S p e c im e n s  an d  S h a fts
5.6 .2 .1  U n sh ou ld ered
Curves of surface strain amplitude against life for tension/com pression  
te s ts  on Type 2 sp ec im en s having h ard n esses of 2 9 5  HV and 375  HV
8 =  DM/2 (Eclc + E sls) (5.1)
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are show n in Fig. 5 .19 . The corresponding curve for the rotating bending  
te s ts  in the larger Type E shaft with a hardness of 300  HV is given in 
Fig. 5.20.
The scatter in plotted results is quite low. This consistent behaviour is 
particularly marked for the softer sp ecim en s, where the deviation from the  
m ean line d o e s  not e x c ee d  40 microstrain. For th e se  the largest 
disagreem ent occurs in the results of the bending test for lives just below  
106 cycles, but this is entirely due to differences in the hardness of the  
shafts.
The fatigue limit in bending is slightly higher than the corresponding push- 
pull fatigue limit. This is a  com m on occurrence; d ifferences of 15% and 
greater have been  reported, and are usually attributed to the effects of 
the different strain profiles in the two types of specim en  and the high 
strains in parts of the tension sp ec im en s cau sed  by non-axial loading.
The difference in the fatigue limit strains is only 5%. This is consistent 
with the previous observation, s in ce  axiai loading of the sp ec im en s w as  
assured  by the setting procedures used , and outlined in Section 5 .5 .1 . 
Further confirmation that the results are sound is provided by the  
relationship betw een the fatigue limit and the ultimate tensile strength. 
The surface stress  amplitude at the fatigue limit in bending is exactly half 
the ultimate tensile  strength, and is at the lower end of the range of 
values listed by W oolm an and Mottram (85) for h a rd n esses  of about 
300  HV.
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The basic fatigue strength data is therefore sound, and provides 
confirmation that the bending m achine applied a satisfactory and accurate  
load to the sp ec im en s.
5 .6 .2 .2  S h o u ld ered
C urves of surface strain amplitude against life in rotating bending for the  
three shouldered configurations are shown in Fig. 5 .20. The strain 
concentration factors for th e se  shoulders were 1.48, 2 .06  and 2 .66  
respectively, but the plotted strains are values for points unaffected by 
the shoulder. The scatter of results is low. This is a  con seq u en ce  of 
the small variations in hardness about the mean value of 300  HV and the 
care taken to ensure that all fiilet radii w ere ground in a  consistent way.
The effect of the strain concentration on the surface strain amplitude at 
the fatigue limit is show n in Fig. 5 .21 . The curve obtained by dividing 
the value for the unshouldered b eam s by the strain concentration factor 
has a lso  been  drawn. This pair of curves illustrates the com m on  
experience that the fatigue load-carrying capacity of a  notched specim en  
is greater than that predicted by an elastic strain analysis of the notch. 
The experim ental v a lu es  are, how ever, a  little lower than the predictions 
b ased  on the sim ple design  m ethods recom m ended by Neuber and  
Peterson.
5 .6 .3  C oated  S h a fts
Curves of surface strain amplitude against life in rotating bending for the  
unshouldered shafts of Fig. 5 .9  and the shouldered shafts of Fig.5.6 are
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given in Fig. 5 .22  for nickel coatings, Fig. 5 .23  for chromium coatings and  
Fig. 5 .24  for cobait/chromium carbide coatings.
The scatter of plotted points for all nickel plated sp ec im en s is low, so  that 
except for one point the results are within ±50 microstrain of the m ean  
line. The deviation for the sp ec im en s with the two sharpest notches is 
remarkably low, no point being more than 20 microstrain from the curve. 
Chromium plated sp ec im en s w ere not quite a s  consistent, although only 
a few  plotted points deviate by more than 50 microstrain from the m ean  
line, the main inconsistency being the long life behaviour of the 
shouldered sp ec im en s with the largest fillet radius. In contrast the results 
for unnotched sp ec im en s with cobalt/chromium carbide coatings are 
erratic at lives greater than 2 x 105 cycles. There is therefore so m e  
doubt about the correct line of the curve in this region, giving a  
corresponding uncertainty in the surface strain amplitude for a life of 107 
cyc les. For this material the behaviour im proves a s  the strain 
concentration is increased, s o  that for the sharpest notch the results are 
a s  consistent a s  th o se  of the unnotched nickel plated sp ecim en s.
The variation in surface strain amplitude for a  life of 107 cyc les  a s  the 
strain concentration factor c h a n g e s  is illustrated in Fig. 5 .25 . Curves are 
show n for the stee l and the three coating materials.
The curves for stee l and the nickel plated sp ec im en s are sm ooth, of 
positive curvature, and include all experim ental points. There s e e m s  to 
be little doubt about the accuracy of th e se  curves over the range of strain
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concentration factors up to 3.
The other two curves are not a s  consistent. The preferred curve drawn 
for the chromium plated sp ec im en s d o e s  not p a ss  through the 
experim ental point at a strain concentration factor of 1.48. But for this 
specim en  configuration the strain against life curve is poorly defined at 
the long life end, and it is clearly possib le for the b est estim ate of the 
surface strain amplitude for a life of 107 cyc les to be higher than that 
show n in Fig. 5 .23 . This possibility has been  accep ted  in positioning the 
strain against strain concentration factor curve.
All experim ental points for the cobalt/chromium carbide coated  sp ecim en s  
have been  included in the curve, although to do so  a  negative curvature 
w as introduced for strain concentration factors below 1.5. This w as done  
b eca u se  the point for the unshouldered specim en  had the greatest 
possibility of error; confidence in the other points w as high.
Nickel coatings had the greatest effect on fatigue strength. For 
unshouldered sp ec im en s the surface strain amplitude corresponding to 
a  life of 107 cy c les  w as reduced by 42%; the reduction increased to 50%  
for strain concentration factors betw een  1.5 and 2.0, but returned to 42%  
when the factor w as 2.7.
Chromium coatings affected the fatigue strength of the le ss  severely  
notched shafts by an am ount alm ost identical to that produced by the  
nickel coatings. But the reduction in strength w as much le ss  at strain
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concentration factors over 1.5, dropping to only 16% at a  factor of 2.7.
V.
5 .6 .4
Cobalt/chromium carbide coatings had the least effect. The strength of 
unshouidered shafts w as about 25% below that of the corresponding 
uncoated shafts. For strain concentration factors betw een  1.6 and 2 .4  
the effect w as negligible, whilst at 2 .7  the coated  shafts w ere 10%  
stronger than the uncoated shafts; th ese  results raise the possibility that 
failure originated in the substrate of the m ost severely  notched shafts.
E ffect o f E n d s o f C oated  R e g io n s
Specim en shafts u sed  for the tests  reported in Section 5 .6 ,3  w ere  
design ed  so  that the results w ere not influenced by conditions at the  
en d s of the coated  region.
Further tests  w ere run to determ ine the effect of the stress  concentration  
cau sed  by ending a  coating at or near the region of highest stress. Two 
configurations w ere u sed  for this : the unshouldered Type D' shaft show n  
in Fig. 5 .10 , in which the coated  region en d s in the cylindrical part; and 
the Type B shouldered shaft show n in Fig. 5 .7  having a  coated  region 
which en d s either on the fillet or at a  fixed distance from the fillet. 
Coatings of niekeJ only w ere used .
The effect of ending a  coating in the cylindrical portion of an 
unshouidered shaft is illustrated in Fig. 5.26, w here a lso  com parison is 
m ade with the behaviour of the original Type D shafts carrying a  coating  
which en d s in a  much stronger region.
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All the Type D’ shafts failed within the coated  region. Two thirds failed 
at a  section  0 .5  mm to 1.0 mm from the end of the coating; clearly 
failure initiation w a s  affected by the state of s tress  around the  
discontinuity. This characteristic contrasts strongly with that of the Type 
D shafts, which did not fail at or near the end of the coated  region.
The fatigue limit w as the sa m e  for the D and D' configurations. At higher 
loads small d ifferences occurred. Here the Type D' shaft w as the slightly 
stronger version - the reverse of predictions b ased  on applied str e sses . 
Clearly the differences are not significant.
Curves of surface strain amplitude against life for the shouldered shafts  
are given in Fig. 5 .27 .
Coating which end at a  d istance of 1 .25 and 1.73 tim es the fillet radius 
from the shoulder had an identical effect on fatigue strength. For long 
lives failure occurred in the coated  region, at a surface strain amplitude 
similar to that of the tubular sp ec im en s but slightly below  that of the 
unshouldered Type D and Type D' shafts. W here a  higher loading w as  
applied, s o  that life w as le s s  than 3 x 105 cycles, failures w ere initiated 
at the fillet; the curve describing this behaviour is identical to that for the  
corresponding uncoated shaft. Although this point is of no practical value  
in normal shaft design , it would be of importance if accelerated  testing  
procedures w ere u sed  in quality control.
A lower strength w as observed  when the end of the coating w as c lo se
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to the norma! point of highest s tress  on the fillet. For this configuration 
the effect of the coating w as alm ost the sam e a s  that of a coating  
applied around the w hole of the fillet.
An indication of the variation in fatigue limit strength a s  the s tress  
concentration factor is changed  is given in Fig. 5.28. Although only two 
points have been  plotted the trends are clear: when the coating ends at 
the m ost highly s tressed  point on the filiet the effect of the coating is the  
sam e a s  that of a  coating applied over the w hole fillet; but when the end  
of the coating is at least 1 .25 tim es the fillet radius from the shoulder the  
strength is alm ost equal to that of the corresponding unshouldered shaft. 
An increase of 40% in this length d o e s  not raise the strength. It is 
p ossib le  that d istan ces a  little le s s  than 1 .25 tim es the fillet radius could  
be used  without substantially lowering the fatigue strength. Further work 
would be required to determ ine if this is true.
Whilst the results w ere produced using only nickel plated shafts, the  
essentia l characteristics can be expected  to apply for other 
eiectrodeposited  materials such  a s  chromium and cobait/chromium  
carbide. Further work is n eed ed  to confirm this.
5 .6 .5  C oated  Tubular S p e c im e n s
C urves of surface strain amplitude against life in rotating bending for the  
tubular sp ec im en s are show n in Fig. 5 .29  for nickel coatings, Fig. 5 .30  
for chromium coatings and Fig. 5.31 for cobalt/chromium carbide coatings. 
In each  of th e se  figures experim ental points are plotted for ground
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coatings on two different substrates; having h ard n esses of 300 HV and  
400 HV respectively. The corresponding points for unground coatings on 
the softer substrate are a lso  plotted. In addition, curves for the  
unshouidered solid shafts have been  reproduced from Fig. 5.22, Fig. 5 .23  
and Fig. 5 .24 , so  that the results of the two s e ts  can be com pared  
directly.
The scatter of experim ental points for th ese  tubular sp ec im en s w as  
greater than that for the corresponding solid bars. The nickel coated  
sp ec im en s gave the m ost consisten t results, plotted points being within 
± 100  microstrain of the m ean line for the ground sp ec im en s and ±150  
microstrain for the unground versions. For chromium plated sp ec im en s  
the scatter of results of te s ts  on ground sp ec im en s w as slightly greater 
than that for ground nickel plated specim ens; the unground sp ec im en s  
gave  more consistent results. The results of te sts  on sp ec im en s with 
cobalt/chromium carbide coatings contained the greatest scatter. Whilst 
it w as possib le  to draw approximate m ean curves, too m any points w ere  
a long way from the line.
Substrate hardness had only a  small effect on the load-carrying capacity  
of the sp ecim en s. For nickel plated sp ec im en s no difference betw een  
the behaviour of sp ec im en s with 300  HV substrates and 400 HV 
substrates could be detected  for lives betw een 7 x 104 cy c les  and 107 
cyc les. Separate curves have been  drawn for the harder and softer  
substrates w hen they w ere carrying the chromium and the 
cobait/chromium carbide coatings, the harder substrate being a ssocia ted
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with the higher strength. However, the difference betw een the two 
curves at lives of 106 cy c les  to 107 cyc les  is only 3% for the chromium  
coating and 5% for the cobalt/chromium carbide coating. The difference 
is not significant and is too small to be attributed to the change in 
strength of the substrate material.
Solid shafts and tubular sp ec im en s gave  substantially different results. 
All curves for the solid shafts w ere much steep er  than the corresponding 
curves for tubular sp ec im en s at lives below 2 x 105 cycles, but the 
relative s iz e  of the surface strain at failure w as different for each  material. 
For lives of 107 cy c le s  the surface strain amplitude for tubular sp ec im en s  
coated  with nickel w as 11% below  that of the solid shaft; the position 
w as reversed for the chromium and cobalt/chromium carbide coatings, the  
tubular sp ec im en s supporting strains higher by 14% and 18%  
respectively. The sm aller s iz e  of the tubular sp ec im en s contributes to the 
higher strength exhibited by the sp ec im en s coated  with chromium and 
cobalt/chromium carbide; a  point raised in Section 5 .4 .1 . The different 
behaviour of the nickel plated sp ec im en s may be related to the 
differences in th ickness to diam eter ratio for the solid and tubular 
sp ecim en s, s in ce  for this material Fig. 5 .15  sh o w s a  clear th ickness  
effect.
S p ec im en s with ground coatings w ere consistently stronger than unground 
sp ecim en s. The increase in surface strain for a life of 107 cyc les w as  
17% for the nickel coating, 20% for the chromium coating and 45% for 
the cobalt/chromium carbide coating.
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T h ese  in creases reflect the im provem ents in surface finish and the 
ch a n g es in residual s tress  resulting from the finishing process. Before 
grinding ail coating surfaces had an R, value of 5 pm. This w as  
improved to 1.5 pm for the nickel coating, 1 pm for the chromium coating  
and 2 .5  pm for the cobalt/chromium carbide coating. A s indicated in 
Section 5 .4 .4 . the ch an ge  in the surface topography of the nickel could  
be expected  to produce a  small increase in fatigue strength - of the order 
of 3% - but the im provem ents achieved  for the other materials are 
unlikely to ch an ge their fatigue strength.
C h an ges in fatigue strength produced by grinding the nickel and 
cobalt/chromium carbide coatings are a co n seq u en ce  of the ch a n g es in 
residual stress. In Section 4 it w as show n that the residual stress  at the 
surface of unground nickel w as 260 MPa in the longitudinal direction and 
280 MPa in the circumferential direction. Due to grinding, th ese  stress  
com ponents chan ged  to -280  MPa and -150 MPa respectively. Greater 
ch a n g es occurred at the surface of the cobalt/chromium carbide coating: 
the longitudinal stress  changed  from 220 MPa to -400 MPa and the  
circumferential stress  changed  from 230 MPa to -400 MPa.
The ch a n g es  tn residual s tress  at the surface of the chromium coatings 
w ere small. The im provem ents in fatigue strength cannot be attributed 
to this.
5.28
A deposited  coating will either reduce the fatigue strength of a  com ponent 
or leave it essentia lly  unchanged.
The actual behaviour d ep en d s on the fatigue characteristics of the coating 
and substrate materials, but is also influenced by factors such  a s  
com ponent geom etry, the inherent residual s tr e s se s  in the coating and  
substrate, and finishing p r o c e sse s  such  a s  grinding. W hen the substrate  
is w eak  failure is initiated in the substrate, and the coating has little effect 
on the strength of the com ponent. But when the substrate is m ade from 
a strong steel the coating will usually be the w eaker elem ent. Cracks are 
then initiated in the coating, and the fatigue strength will be lower than 
that of the uncoated com ponent. Under th e se  conditions variations in 
substrate strength will not ch an ge the fatigue strength of the component.
Electrodeposits of nickel and chromium reduce the rotating bending 
fatigue strength of unnotched steel shafts, hardened to 300  HV, by over 
40%. A cobalt/chromium carbide coating produces a  corresponding  
reduction of 25%. The percentage reductions are greater when harder 
s te e ls  are used.
For shouldered shafts subjected to the sa m e type of loading the greatest 
effect occurs when the fillet is coated . Using this configuration the  
percentage reduction in fatigue strength produced by a  nickel coating is  
substantially the sa m e  a s  that for an unshouidered shaft. Chromium  
coatings produce a  similar reduction when the s tress  concentration at the
5 .7  C o n c l u s io n s
5.29
shoulder is low; for more sev er e  discontinuities the effect is reduced, 
dropping to only 16% when the strain concentration factor is 2.7. 
Coatings of cobalt/chromium carbide have no significant effect on fatigue 
strength when the strain concentration factor is betw een 1.6 and 2.4; 
above this range there is a  small increase in strength, which appears to 
be associa ted  with a  failure origin in the substrate.
The discontinuity at the end of a coating has only a  very small effect on 
fatigue strength. W hen a  very large transition radius is u sed  at a  
shoulder, s o  that there is no significant amplification of strain, the fatigue 
limit is independent of the position of the end of the coating. A similar 
situation ex ists for more severely  shouldered shafts when the fillet is not 
coated  and the coating is at least 1.25 tim es the fillet radius from the 
shoulder, producing a  fatigue strength equal to that of the unshouldered  
shaft. H owever a c loser  juxtaposition reduces the fatigue strength, so  
that w hen the coating en d s at the point on the fillet w here the highest 
strain usually occurs the fatigue strength is the sa m e a s  that for a shaft 
with a coated  fillet.
Gentle grinding of the coating in creases the fatigue strength of strong  
stee l com ponents electroplated with nickel, chromium and  
cobalt/chromium carbide. This ch an ge is due in part to the improvement 
in surface finish. But for nickel and cobalt/chromium carbide the ch a n g es  
in the residual s tr e s se s  at the surface make the greatest contribution. 
No corresponding c h a n g es  in stress  occur in the chromium coating; the 
increase in strength arises from either a  larger than exp ected  influence
5.30
of the surface finish or the removal of material containing defects.
The scatter of results w as uncharacteristically low for m ost tests , this 
reflected the care taken to control the coating and finishing p ro cesses  
and the very small variations in loading applied by the rotating bending 
rig. Shafts and sp ec im en s coated  with cobalt/chromium carbide produced  
the w idest spread of va lues. T h ese  had been  coated  in small batches  
and w ere difficult to grind.
The testing rig functioned well, and produced results consistent with th ose  
from corresponding tests  undertaken in a calibrated standard servo- 
hydraulic testing m achine.
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Specimen
Type Kt( o
Loading
Mode
Coating
Material Finish
Substrate
Hardness Purpose
Fatigue 
Limit ( i i )
ct,
(x i)
P
( x i i)
2 1.0
II
Tension/
Comp
tt
- Ground
<i
295
375
( u i )
tt
2095
2580
0.53
E II Rot Bending - II 300 ti 2210 0.56
Ca 1.48 it - II ii (iv ) 1525 0.57
Cb 2.06 n - 11 tt " 1125 0.59
Cc 2,66 «t - 11 II It 880 0.59
D 1.0 ii Ni II II (v) 1290 0.69 0.58
If n ii Cr 11 11 tl 1300 0.98 0.59
It ii ii Co/CrjC2 tt 11 11 1650 0.77 0.75
Aa 1.48 ii Ni It tl (v i) 750 0.59 0.49
it n n Cr 11 " " 780 0.87 0.51
it tt tt Co/Cr3C2 II II II 1450 1.00 0.95
Ab 2,06 it Ni II It II 560 0.61 0.50
it it ii Cr II tl II 780 1.22 0.69
it ii ii Co/Cr3C2 It II tt 1110 1.07 0.99
Ac 2,66 it Ni II II tt 500 0.70 0.57
it tt it Cr II t» II 740 1.49 0.84
tt t» n Co/Cr3C2 II It 980 1.22 1.11
D* 1.0 tt Ni II tl (v i i) 1290 0.69 0.58
B1 1.48 it 11 It II It 770 0.61 0.50
Bm m ii It tl II tt 1130 0.60
( x i i i )
0.74
Bn ii it (1 tt tl It 1130 0.60
( x i i i )
0.74
3 1.0 ti II It tt ( v i i i ) 1150 0.61
n tt ti Cr tt It tt 1480 1.12
it ii Co/Cr3C2 It tt " 1950 0.91
tt tt ii Ni As-plated tt (ix ) 980 0.52
n it n Cr It tt It 1250 0.95
«t n ii Co/Cr3C2 It It II 1380 0.64
it it it Ni Ground 380 (x) 1150 0.61
ii it it Cr " it II 1530 1.16
ii tt it Co/CrsC2 ii it II 2060 0.96
( i )  Stress concentration factor from ESDU item 69021 Fig. 2.8 for uncoated beams
( i i )  Surface strain  amplitude away from d iscon tin u ities for a l i f e  of 107 cycles
( i i i )  To determine the strength of substrate material and validate bending te s t  resu lts
(iv ) To determine the strength of shouldered substrates
(v) To determine the strength of coated, unnotched shafts
(v i)  To determine the strength of coated, shouldered shafts
( v i i )  To determine the e ffe c t  of the d iscontinuity at the end of a coated region
( v i i i )  To determine the strength of coated, tubular specimens with ground fin ish
(ix )  To determine the strength of coated, tubular specimens with as-plated fin ish
(x) To determine the e ffe c t  of increasing the substrate strength
(x i)  os. = fatigue lim it stress  at fa ilu re  s i t e  -+■ yield  stress
( x i i )  3  = fatigue lim it stress  fatigue lim it strain  for corresponding uncoated version
( x i i i )  Failure at coating not the f i l l e t .
Table 5.1 Summary of Fatigue Tests on Shafts and Tubular Specimens
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6. STRENGTH PREDICTION FOR ELECTROPLATED SHAFTS
6.1 Introduction
Most shafts are expected to have long lives when they are subjected to 
fatigue loading. Design procedures for uncoated shafts are well established, 
but these must be extended to cope with the more complicated conditions 
in shafts which have been coated. This section provides an indication of 
the main points which have to be considered, and proposes methods for 
calculating the load capacity of coated shafts.
The fatigue strength of most steel components is affected when they are 
electroplated, the changes produced varying from a small insignificant 
increase in strength to a substantial reduction in strength. Cleariy an 
assessment of the influence of the coating forms an essential part of the 
design analysis.
Actual component behaviour is controlled by the combination of material 
strength, residual stress and applied stress in the regions near the surfaces 
of the coating and the substrate.
Uncertainties in these factors are larger than they would be for monolithic 
components. Whilst the inherent strength of the substrate material depends 
directly on the chemical composition of the steel and the heat treatment 
process, the coating material strength is influenced by relatively small 
variations in the composition and condition of the plating bath. Bigger 
variations also occur in the residual stresses, since these arise from a wider
6.1
range of manufacturing processes : hardening of the substrate, particularly 
when this is done after the basic cutting operations, grinding prior to coating, 
the deposition process, and the final grinding of the coating. Clearly all 
processes must be very carefully controlled if the design data is to reflect the 
real conditions in the component.
In shouldered regions of shafts it will sometimes be possible to make a 
choice between coating the fillet and terminating the coating some distance 
from the fillet. The choice has a significant effect on the strength of the 
shaft. Guidelines for this situation are given.
The proposed methods for predicting the behaviour of coated shafts are 
based on a balanced interaction between the radial profiles of applied stress 
or strain and the corresponding profiles of material strength or limiting strain, 
these latter profiles being modified to take account of residual stresses. 
Bending loads have been assumed throughout the discussion, since in 
practice these usually have the greatest influence. The stresses are 
therefore limited to those in the longitudinal direction, a choice consistent with 
Tresca’s criterion.
Reasonable estimates of fatigue strength can be made, but the values 
predicted do depend on the relevance of data available. The coating material 
fatigue limit strain or yield stress is required, but values are uncertain unless 
tests have been made on samples of the actual material. Residual stresses 
can vary over a wide range if the conditions in the manufacturing processes 
are changed. Young’s modulus for the materials must be known; but for
6.2
design calculations the usual value for steel is satisfactory, and approximate 
values for the coatings are adequate when the diameter to coating thickness 
ratio is greater than 70.
Approximate profiles of applied strain can be used when the substrate is 
strong, since failure will originate at or near the coating surface where the 
residual stresses have a peak tensile value. Weak substrates present a 
greater problem. Failure can be expected to originate in the substrate, and 
estimates of load capacity must make use of the profile in the coating and 
the outer regions of the substrate.
It is useful to know the load for first yield under monotonic loading, so that 
the possibility of plastic behaviour under the combined action of fluctuating 
and initial built-in stresses can be assessed. A review of this aspect is given 
before that for the fatigue loading. The position is based on ease of 
presentation of the material rather than the relative importance of the results.
All recommendations made are based on the results of investigations reported 
in earlier sections, which were concerned with the effects of nickel, chromium 
and cobalt/chromium carbide coatings on steel shafts having a hardness of 
300 HV. No comments are offered on the probable effects of changes in 
plating bath conditions. Size effects have also not been covered; all shafts 
had a minimum diameter of 25 m m  and a diameter to coating thickness ratio 
of 125. But some consideration has been given to the effects of surface 
condition and finish.
6.3
The basic quantity required to predict the ioad for first yielding of the shaft 
is the radial profile of the material yield-point strain. Strain is preferred to 
stress so that the discontinuity in the applied stress profile at the interface 
is avoided.
Although this appears to be a relatively simple requirement, in practice 
uncertainty is introduced due to the considerable non-linearity exhibited by 
some coating materials as the yield stress is approached. This 
characteristics has been demonstrated clearly in Fig. 3.8 for nickel and Fig. 
3.10 for cobalt/chromium carbide, the curve for nickel being reproduced in 
Fig. 6.1. The corresponding effect for chromium is less marked. Values of 
material yield stress and strain are summarised in Table 6.1.
Profiles of material yield point strain for the 817M40 steel shafts coated with 
the three materials are shown in Fig. 6.3, Fig. 6.4. and Fig. 6.5. The 
experimental values of yield strain and yield stress divided by Young’s 
modulus are marked on the plots.
6.2.1 Unshouldered Shafts
Applied longitudinal strain profiles have been superimposed on Fig. 6.3,
Fig. 6.4 and Fig. 6.5. Each has been plotted in the critical position where 
it coincides at one point with the corresponding yield strain profile.
It is clear that for a strong substrate, such as the 817M40 steel, yielding will 
occur first in the coating. Profiles have been drawn to indicate first yield at
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the outside. This is the correct position when the residual stresses are either 
distributed uniformly within the coating or reach a peak tensile vaiue at the 
surface. But when the residual stresses in the surface are compressive, as 
they are when the coating is finished by gentle grinding or peening, yielding 
will begin at an internal point just below the surface, where the residual 
stresses have a maximum tensile value. This situation is illustrated in 
Fig.6.2. The position at which first yield occurs is changed by an insignificant 
amount - typically 50 \im - so the effect on the plotted profiles and the 
estimate of yield load is negligible.
Yield loads for shafts with strong substrates have been calculated using 
expressions (6.1) or (6.2), the development of which is given in Appendix 1.
These expressions apply only to linear elastic materials. Consequently there 
is some uncertainty in the result when they are used at the yield point, since 
the coating materials have been shown to be non-linear at stresses near to 
this level. Dimensions are however known accurately, and Young’s modulus 
for steel will usually have an error of less than 2%. An approximate value 
of the corresponding modulus for the coating material is adequate; when a 
thick coating of cobalt/chromium carbide, having a diameter to thickness ratio 
of 70, is used a change of 25% in the modulus changes the calculated load 
by only 3%.
M  = 28YC(E0lc + EJJ/D (6.1)
M  = 2Gyc (Ec!c + ESIS)/ECD (6.2)
When other weaker steels are used it is possible for yielding to begin at or 
near the substrate surface before yield conditions are reached in the coating.
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The actual location depends on the profile of residual stress in the substrate, 
but the actual variation in position is small - typically 40 pm. For these 
conditions the yield load is predicted by expressions (6.3) or 6.4); where i is 
the interface radius. The uncertainty due to non-linearity is low.
M  = eYS (Eclc + Esls)/i (6.3)
M  = G YS (Eclc + Esls)Esi (6.4)
The range of substrate strengths for which first yield occurs in the substrate 
can be determined using expressions (6.5) or (6.6). These expressions 
define the change-over point at which yielding occurs simultaneously at the 
surface of the substrate and the coating; they are based on an applied 
strain profile of constant gradient.
£ys = (1 - 2t/D) eYC (6.5)
£YS = (1 - 2t/D) G YC/Ec (6.6)
But this change in behaviour is illustrated clearly by plotting the moment for 
first yield against substrate yield stress, as shown in Fig. 6.6, Fig. 6.7 and 
Fig. 6.8 for shafts plated with nickel, chromium and cobalt/chromium carbide 
respectively. The substantially different behaviour predicted on the basis of 
coating material yield strain and yield stress is shown clearly.
Yield loads are affected by residual stresses. The upper graphs in Fig. 6.6, 
Fig. 6.7 and Fig. 6.8 have been produced for shafts having coatings and
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substrates finished by gentle grinding, so that there are compressive residual 
stresses in the surface material. When the residual stresses at the surface 
of a coating are tensile, as they are in unground nickel and cobalt/chromium 
carbide coatings, the applied stress profile for the shaft takes up a lower 
position, as shown in Fig. 6.2. Estimated values of the material yield 
stresses and strains for the as-plated condition are given in Table 6.1. For 
a nickel coating the reduction in shaft yield load indicated by these figures 
is 30% based on yield strain and 47% based on yield stress; the 
corresponding values for a cobalt/chromium carbide coating are 17% and 
30%. This result is illustrated by the lowest graph of Fig. 6.6 and Fig. 6.8.
Similar changes in the yield load would occur if gentle grinding were replaced 
by more severe grinding procedures. But no tests have yet been made to 
determine the precise values of the surface residual tensile stresses which 
would be induced and the corresponding yield loads.
Changes in the residual stresses at the substrate surface have no effect on 
the yield load when the substrate strength is substantially greater than that 
of the coating. But when weaker substrates are used, a change from 
compression to tension, arising as a result of changes in the grinding 
process, would reduce the yield ioad. The size of this reduction can be 
estimated using modified strain profiles. Typical changes in the residual 
stresses at the surface of these weaker steels would be similar to those 
observed in nickel coatings. This would lead to a reduction in yield load of 
about 50%.
6.7
The main effect of the shoulder is to increase the applied strain and the 
gradient of the strain in the outer 20% of the critical cross section of the 
shaft, so that the load for first yield is reduced. Typical strain profiles for a 
shaft having a stress concentration factor of 1.5 are given in Fig. 6.3 for a 
nickel coating, Fig. 6.4 for a chromium coating and Fig. 6.5 for a 
cobalt/chromium carbide coating. These profiles are approximations based 
on a two dimensional finite element model having the same outline as the 
actual shaft. They are adequate for this purpose. Applied strain is correct 
at the surface since it is equated to the material yield strain at this point. 
Within the coating and adjacent parts of the substrate the profile given has 
a slightly larger slope than that of the real profile, but the error in strain 
values is only a few percent.
Yield loads are determined using modified versions of the expressions given 
in Section 6.2.1. When the substrate is strong, so that yielding occurs first 
at or near the surface of the coating, expressions (6.7) or (6.8) are used. 
These have been produced from (6.1) and (6.2) by simply introducing the 
stress concentration factor Kt. This is appropriate since Tresca’s criterion 
shows that, in the outer region of the shaft, yielding is controlled by the 
longitudinal stress. Values of K, from the ESDU item 69021 for monolithic 
shafts can be used. The error introduced is low; a two-dimensional finite 
element analysis showing that, for a diameter to coating thickness ratio of 
125, a real stress concentration factor of 1.5 would be underestimated by 
less than 2%.
6.2.2 S h o u ld e re d  S h a f ts
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M  = 28YC(Eclc + Es lB)/K,D 
M  = 2GYC(Eclc + Es ls)/KtE0D
(6.7)
(6 .8 )
For weaker steel substrates, where yielding begins in the substrate, 
expressions (6.9) and (6.10) should be used. These are based on (6.3) and 
(6.4). They incorporate a prediction of the strain at the outside, based on 
a straight line extrapolation of the strain profile in the substrate, so that 
the normal stress concentration factor can be used. Strain predictions 
are good for diameter to coating thickness ratios greater than 70 and stress 
concentration factors around 1.5; errors for stress concentration factors 
between 1.1 and 2 being less than 10%.
M  = 2£YS (1 + 10 Kt t/D)(Ec lc + ESIS)/K,D 
M  = 2G>ys (1 + 10 Kt t/D)(Ec lc + Esls)/Kt Es D
The range of substrate strengths for which first yield occurs in the substrate 
is given by expressions (6.11) and (6.12). These are based on the 
expression for strain gradient in the coating incorporated in (6.9) and (6.10); 
they predict the conditions for simultaneous yielding in the coating and the 
substrate.
eYS = eYC / (1 + 10 K, t/D)
£ys « G YS/ (1 + 10 Kt t/D) Es
But this change in behaviour is illustrated admirably by plotting the moment
(6.9)
(6 . 1 0 )
(6 . 1 1 )
(6.12)
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for first yield against substrate yield stress, as shown in Fig. 6.9, Fig. 6.10 
and Fig. 6.11. The graphs are similar in shape to those for the 
corresponding unshouldered shafts, but the loads are lower. One significant 
difference is apparent. When yielding occurs first in the substrate, the load 
to produce this condition is 10% higher than the yield load for the uncoated 
version of the shaft.
Yield loads are affected by the residual stresses. All the comments made 
in Section 6.2.1 apply, since the effect on the interaction between the applied 
longitudinal strain and the material yield strain is not altered significantly by 
the change in shape of the applied strain profile, and Tresca’s criterion shows 
that yielding is effectively governed by the longitudinal strain.
6.3 Fatigue Strength
Loads which cause fatigue failure in a rotating shaft after a long life are 
predicted using procedures similar to those outlined in Section 6.2. But in 
this case the load is determined from the interaction between the applied 
strain amplitude profile and the profile of the material fatigue limit strain or 
strain for a life of 107 cycles.
Profiles of the material fatigue limit strains for steel shafts coated with nickel, 
chromium and cobalt/chromium carbide are given in Fig. 6.12, Fig. 6.13 and 
Fig. 6.14. These were generated from the results of rotating bending tests 
on coated and uncoated shafts. For simplicity values have been shown as 
constant over each material; they are listed in Tabie 6.1.
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Applied strain amplitude profiles for unshouidered shafts and for shouldered 
shafts having a stress concentration factor of 1.5 have been superimposed 
on these diagrams. Each has been plotted in the critical position where the 
maximum value just coincides with the corresponding fatigue limit strain 
profile.
The loads required to produce fatigue failure are predicted using modified 
versions of the expressions (6.1) to (6.12), since fatigue crack initiation and 
first yield occur at the same location in the shaft.
For shafts with strong substrates, such as the 817M40 steel, fatigue failures 
are initiated in the coating, usually at the surface. When the shaft does not 
have a shoulder this condition is described by expression (6.13); where £ac
and Sas are the fatigue limit strains obtained from tests on the coating
material and steel respectively. Expression (6.14) specifies the corresponding 
position for shouldered regions; it is approximate, but is adequate for stress 
concentration factors between 1.1 and 2 and diameter to coating thickness 
ratios greater than 70. Fatigue limit loads for these shafts are determined 
using expression (6.15). Stress can be introduced using Hooke’s law.
£as > £ac (1 - 2t/D) 
eas > 6*7(1 + 10K, t/D)
M  = 2£ac ( E X  + Esls )/K,D
When weaker steels are used, fatigue failure is initiated at or near the
(6.13)
(6.14)
(6.15)
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substrate surface. The fatigue limit loads are then predicted using expression 
(6.16) for unshouldered shafts and (6.17) for shouldered shafts of the form 
outlined in the last paragraph.
M  = £as (Ec lc + Es ls)/i (6.16)
M  = 28as (1 + 10Kt/D)(Eclc + Esls)/Kt D (6.17)
There will be many occasions when the fatigue limit strain for the coating 
material is not known. In these circumstances a value adequate for most 
design purposes can be estimated using expression (6.18). Suitable values 
of a  for coatings of nickel, chromium and cobalt/chromium carbide are given 
in Table 6.1. These were obtained from fatigue tests. But it appears to be 
possible to determine the order of size of a  for other materials by noting that
the value for nickel, which is in a fairly ductile state, is about the same as
that for the lower strength steels, whilst the harder, more brittle materials
have values close to unity.
eao = a a YC/Ec (6.18)
Using (6.18) in (6.13) to (6.15) produces
3^s > a  G YC (1 - 2t/D)/Ec (6.19)
eas > a  G yc/(1 - 10 Kt t/D)Ec (6.20)
M  = 2 a  G yc (EcIc + Esls) / Kt Ec D (6.21)
Fatigue limit load am plitudes calculated using (6.21) have been  plotted in
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Fig. 6.15, Fig. 6.16 and Fig. 6.17 for 25 m m  diameter shafts having a 
diameter to coating thickness ratio of 125 and elastic stress concentration 
factors up to 3. The actual loads for a life of 107 cycles are also shown. 
For nickel plated shafts the fit of the two curves is quite good, the difference 
being less than 12% over the whole range. But the fit is less satisfactory 
for chromium and cobalt/chromium carbide coatings, particularly at large 
stress concentration factors. When K, = 2.0 the prediction is 16% low for 
both materials, but this increases to 28% for chromium and 23% for 
cobalt/chromium carbide at Kt = 2.5.
The variation in predicted fatigue limit load as substrate strength is changed 
is summarized in Fig. 6.18, Fig. 6.19 and Fig. 6.20 for unshouldered shafts, 
and in Fig. 6.21, Fig. 6.22 and Fig. 6.23 for shouldered shafts having a 
stress concentration factor of 1.5. The general pattern of behaviour is similar 
to that for yielding, illustrated in Fig. 6.6 to Fig. 6.11, but the loads are lower, 
reflecting the fatigue loading.
Variations in the surface conditions of coatings and substrates are reflected 
in the residual stresses near the surface. And these changes often have a 
considerable influence on fatigue strength. This aspect can be included in 
the review of fatigue behaviour in a similar way to that outlined for yielding 
in Section 6.2.1. However, the interactions between residual stress and 
inherent material strength are more complex, since the static and dynamic 
elements are independent of each other.
Finishing processes have the greatest influence on the surfaces. For
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example, coatings of nickel and cobalt/chromium carbide in the as-plated 
condition contain high tensile residual stresses at the surface. But a gentle 
grinding operation will change the conditions in the surface region, so that 
large compressive stresses are established. The effect of this is to transfer 
the point of initiation of failure from the outside to a position just beiow the 
surface, where the residual stresses have maximum tensile values. Tests 
have shown that this change produces a 15% rise in the fatigue limit of 
nickel plated shafts without shoulders, and a 30% rise for corresponding 
shafts coated with cobait/chromium carbide. This is indicated in Fig. 6.18 
and Fig. 6.20.
The relationship between the maximum tensile residual stress and the applied 
alternating loading can be illustrated on a Soderberg diagram. But it appears 
to be necessary to plot corresponding strains, and to use the coating yield 
strain rather than yield stress divided by Young’s modulus to establish the 
point where the applied load amplitude is zero. Plots for the two examples 
given in the last paragraph are shown in Fig. 6.24.
Whilst quite good correlation has been demonstrated by these examples it 
would be unrealistic to believe that this will always occur. A much more 
detailed examination -of the relationship is required, covering a wider range 
of residual stresses and a greater variety of stress profiles. It will probably 
be necessary to simulate residual stresses by modifying the applied strains; 
possible methods include the addition of uniaxial strain to the rotating bending 
strain, and pressurizing the bore of tubular specimens such as those 
described in previous sections.
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Normal production grinding can be expected to produce tensile residual 
stresses at the surface of most materials. The fatigue limit for a shaft 
finished in this way will therefore be below that of a corresponding shaft 
finished by gentle grinding. Whilst this behaviour has been observed for hard 
steels, no tests have been made on coating materials. Until firm information 
becomes available, it would be realistic to assume that the surface stresses 
in coatings such as nickel and cobalt/chromium carbide, finished by 
conventional production procedures, are tensile and similar in size to those 
in as-plated coatings.
Chromium is a special case. Gentle grinding is essential to ensure that 
craze cracking does not occur. If the ground surfaces do not contain these 
defects the residual stresses at the surface are compressive or very low. 
Shafts with craze cracked surfaces have low fatigue strength, and should not 
be used where the loading stresses are high.
Critical surfaces of precision shafts normally have a good finish - typically 
0.2 pm Ra - to satisfy functional requirements. For grinding the 
corresponding R, value is below 2.5 pm. Surface imperfections of this order 
have an insignificant effect on the fatigue strength of most material. If failure 
is likely to be initiated in the substrate, surfaces to be coated must also be 
finished to this standard.
The strength of a coated shouldered shaft is greatest when the fillet is not 
coated. But in many cases, particularly when a bearing surface is adjacent 
to the shoulder it is necessary to apply the coating as near as possible to
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the shoulder, the distance between the shoulder and the coated region has 
a critical effect on strength; if it is too short the two geometric discontinuities 
interact, and this may raise the applied stresses and the residual stresses.
Tests on nickel plated shafts, having a stress concentration factor of 1.5 and 
a diameter to coating thickness ratio of 125, have shown that failures under 
loads near the fatigue limit occur in the coated region when the end of the 
coating is at least 1.25 times the fillet radius from the shoulder. Distances 
of similar size are likely to apply to other coating materials, but further tests 
would be required to confirm this view.
The fatigue limit load for this example is close to that of an unshouldered 
shaft coated in the same way. Fig. 6.25 has been drawn to show that ail 
nickel plated shafts with stress concentration factors below 1.9 can be 
expected to have identical behaviour. When the discontinuity is more severe 
failures will occur at the fillet, and the load capacity will be the same as that 
for the corresponding uncoated shaft.
Chromium plating can be expected to have precisely the same effect on the 
fatigue limit load. This is illustrated in Fig. 6.26. Cobalt/chromium carbide 
coatings are, however, much stronger. The behaviour of shafts coated with 
this material is summarized in Fig. 6.27. Shafts with large fillet radiuses have 
higher fatigue limit loads than shafts coated with the other materials, but the 
change-over to failure at the fillet occurs at a stress concentration factor of 
only 1.4.
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These observations regarding the expected behaviour of shafts with uncoated 
fillets are based on a limited range of tests. More testing would be required 
to confirm the predictions.
C onclusions
Reasonable estimates of the fatigue limit strength of electroplated shafts 
subjected to bending loads have been made using simple expressions. The 
reduction in strength of strong steel shafts is predicted clearly, whilst the 
effect on shafts based on weaker substrate materials is shown to be small.
Simple graphs have been constructed to illustrate the variations in shaft 
strength produced by changes in the substrate yield stress of unshouldered 
shafts and shouldered regions which are completely coated. These graphs 
are useful for predicting the point of failure, and matching substrate materials 
to coating materials. They show that failure is normally initiated at or near 
the surface of the coating when the substrate is strong, but fractures start 
at a similar position in the substrate when weaker steels are used.
Shouldered regions are strongest when the fillet is not coated. But to 
achieve the greatest benefit from this feature the distance between the 
coating and the shoulder must be at least 1.25 times the fillet radius. The 
point of failure and the shaft strength will depend on the strength of the 
substrate and the stress concentration factor for the shoulder. For a iow 
value of this factor and a strong substrate, failure can be expected to occur 
in the coated region; the strength will be the same as that for an 
unshouldered shaft. When the stress concentration factor is high a shaft
6.17
based on a weak substrate will behave as if it were uncoated.
The tensile residual stresses which exist in the outer region of the coating 
or the substrate have a substantial effect on the performance of a shaft. 
These critical stresses are lowest when the extreme layer is in compression, 
a condition achieved by gentle grinding. In contrast this layer will be in 
tension when the coating is in the as-plated state and when the surfaces are 
finished by normal grinding methods. And the shaft strength is considerably 
lower. This is not a desirable condition for heavily loaded shafts.
The topography of ground surfaces will not be a critical factor. A finish of 
2.5 pm Rt should be specified. This can be achieved on ail materials by 
gentle grinding procedures. Values below this can be produced but the 
fatigue strength is not enhanced.
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Fig. 6.9 Yield Loads for Nickel Plated Shouldered Shafts
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Fig. 6.10 Yield Loads for Chromium Plated Shouldered Shafts
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Fig. 6.15 Fatigue Limit Loads for Nickel Plated Shafts
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Fig. 6.25 Fatigue Limit loads for shafts with Uncoated Fillets.
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To illustrate the points established in Section 6 it is useful to examine the 
following two examples. The first is concerned with the behaviour of a 
cylindrical shaft; the second deals with the corresponding aspects of a 
shouldered shaft.
7.1 Unshouldered Shaft
7.1.1 Problem Specification
The 25 mm diameter shaft shown in Fig. 7.1 is to be used for an application 
where it rotates at a steady speed whilst it is subjected to a loading which 
is predominantly bending. The shaft is made from low alloy steel and is 
plated over part of its length with a 200 pm coating of electrodeposited 
nickel. Properties of these materials are given in Table 7.1.
The fatigue limit has to be calculated. But it would be useful to determine 
the load for first yield under a monotonic bending load. The substrate 
material and the method used to finish the substrate and coating surfaces 
are to be reviewed.
7.1.2 Analysis
The behaviour of the shaft at the yield point and at the fatigue limit depends 
on the relative strengths of the coating and substrate materials, as illustrated 
by stress profiles such as those shown in Fig. 5.2. It is therefore useful to 
start the analysis by drawing graphs of yield load and fatigue limit load 
against a property representing the strength of the substrate material. Yield 
stress was used for this purpose in Section 6, and will be used here.
7. USING THE IDEAS
7.1
Graphs for nickel coated steel shafts are shown in Fig. 7.2 and Fig. 7.3.
They were produced by separating the steel substrates into two types in the 
manner indicated in Section 6; those with a higher strength than the coating 
material, so that the critical condition for the shaft occurs in the coating, and 
the weaker steels. Loads were predicted in the following way using 
expressions from Section 6.
The yield load for shafts having strong substrates was calculated using 
expression (6.1)
MY = 2 eYC (EJC + Esls)/D 
No value for eYC is given in Table 7.1; it would be unusual for this to be 
provided unless special tests had been commissioned. An estimate can be 
obtained using £YC = GYC/Ec; although, as indicated in Table 6.1, this value
will normally be substantially lower than the real value, since there is 
considerable non-linearity near the yield point. However it is difficult to make 
appropriate allowance for this because the expression (6.1) is based on 
linear elastic behaviour. Table 6.1 also shows that Guc » 1.2 GYC. Using
these two relationships in (6.1) produces the following value for yield ioad.
It is independent of substrate strength.
MY = 1.67 Guo (E0I0 + Esis)/ECD
= 1.67 x 385 (170 x 103 x 1200 + 210 x 103 x17980)/170 xfO3 x 25 
= 600 Nm (7.1)
7.2
For the weaker substrates, where the point of first yield is in the substrate, 
the critical load was obtained using expression (7.2), produced from (6.4) in 
the following way
My = Gys(EcIc + Esls)/Es i
= 2 Gys (170x1 03x1 200+210x1 03x17980)/21 0x1 03x24.6 
-1 .5 4  0 *  (7.2)
The fatigue limit load plot was produced in a similar way, using expressions
(7.3) and (7.4). The value given by (7.3) is applicable for strong substrates.
It was obtained from expression (6.15); recognizing that at the lower stress 
levels used for fatigue loading the stress-strain relationship is basically linear 
so that £ac = Gao/Ec, and using Gac = 0.53 Guc from Table 7.1.
Ma = 2  £ac (Eclc + Esls)/D
= 1.06 Ou (Eclc + Esls)/Ec D
= 1.06x385(170x103x1200+210x103x17980)/170x103x25 
-  380 Nm (7.3)
The behaviour of shafts with weaker substrates is described by expression
(7.4). This was developed from (6.16), using Gas = E 8^ and assuming that
= 0.56 Gys given in Table 7.1 could be used for these steels.
7.3
= 0.56 Gys (1 70x1 03x1 200+21 0x1 03x17980)/21 0x1 03x24.6 
= 0.86 Gys (7.4)
Ma = Gas (EJc + Esls)/Es i
The change in geometry at the end of the coated region has to be 
considered. For shafts with strong substrates, where the failure origin is in 
the coating, this discontinuity has an insignificant effect on the fatigue limit 
load and the yield load. The coating can therefore be terminated at any 
convenient point in the shaft. When the shaft is made from one of the 
weaker steels the amplification of stress at the discontinuity will have an 
adverse effect on the critical loads so that they are below the values 
predicted by expressions (7.2) and (7.4).
Fig. 7.2 and Fig. 7.3 show that the shaft of Fig. 7.1 has a fatigue limit load 
of 380 Nm and a yield load of 600 Nm; 46% and 53% respectively below 
the corresponding loads for a 25 mm diameter uncoated shaft. These load 
values would not be reduced further if the shaft were based on a steel 
having a yield stress of only 440 MPa. So, unless the shaft has a feature 
which makes the 817M40 steel essential, it would be appropriate to change 
to a cheaper type.
For some applications there may be no functional requirement for the coating 
surface to have a ground finish; the shaft could therefore be used in the 
as-plated condition.
7.4
Two factors make this unattractive. Firstly the plating process produces a 
build-up at the end of the coated region, as shown in Fig. 7.4. This must 
be removed to avoid a safety hazard and a high stress concentration . Since 
a machining operation must be used, it will not cost much more to finish the 
whole surface of the coating.
In addition the as-plated surface of nickel carries residual stresses which are 
tensile and large, whilst the stresses in the surface generated by gentle 
grinding are compressive. Typical iongitudinai stress profiles for these two 
conditions were given in Fig. 4.35 and Fig. 4.37. They have been combined 
with the inherent material strength to produce the strength profiles of Fig. 7.5. 
The original 817M40 steel substrates have been used, giving a substrate 
strength too high to appear on the plot.
The effect on yield load of a change from one type of surface to the other 
is indicated by the relative positions of the applied stress profiles shown in 
Fig. 7.5. The load for first yield when the surface is not ground is 320 Nm. 
This is 47% below that of the shaft with a ground surface. Fig. 7.2 indicates 
that this value applies to shafts having substrates made from any type of 
steel.
The change in fatigue strength is more difficult to predict, since the 
relationship between alternating and mean stresses has not been clearly 
established. But testing has shown that the fatigue limit of an unground shaft 
with an 817M40 substrate is 15% below that of the ground version, giving 
a fatigue limit load of 320 Nm - exactly the same value as the yield load.
7.5
Fig. 7.3 indicates that shafts made from all steels with a yield stress greater 
than 370 MPa have the same load capacity.
There are clear advantages in grinding the coating. However it is essential 
that gentle procedures are used. Normal production grinding can be 
expected to set up large tension stresses at the surface, so that the 
behaviour of the shaft would be similar to that of shafts with unground 
coatings.
Fatigue strength appears to be affected to a lesser extent by surface 
roughness. The finish specified in Fig. 7.1 is adequate and can be produced 
easily by grinding. This should be maintained. But changes in fatigue 
strength are unlikely to be noticed until Rt exceeds 5 pm.
The method used to finish the substrate surface before the coating is applied 
will have no effect on the strength of a shaft based on a strong substrate 
such as 817M40 steel, since failure begins in the coating. The situation can 
change if, on the basis of this review, a low strength steel is substituted. 
Finishing by gentle grinding will then be an essential requirement, so that 
compressive residual stresses are established at the substrate surface.
7.2 Shouldered Shaft
7.2.1 Problem Specification
The 25 mm diameter shaft discussed in Section 7.1 has been modified to 
include a shoulder, as shown in Fig. 7.6. The whole of the shaft is to be 
coated with a 200 pm thickness of nickel. All other aspects of the shaft are
7.6
unaltered.
The fatigue limit load under rotating bending and the monotonic yield load are 
to be calculated. The choice of substrate material is to be reviewed, and the 
possibility of achieving higher strength by not coating the fillet is to be 
considered.
7.2.2 Analysis
When the shaft is coated and ground over its entire surface critical conditions 
occur at the fillet, where the coating and substrate are subjected to the 
highest strains. The strain concentration factor for a monolithic shaft of the 
same outside shape is 1.5. This value can be used. Plots of typical radial 
profiles of strain for this geometry were given in Fig. 6.3 and Fig. 6.12.
The section carrying the highest strain is approximately 3mm from the 
shoulder. At this section first yield and fatigue crack initiation will occur in 
either the coating or the substrate, the actual location depending on the 
relative strengths of the two materials, as indicated in Fig. 5.5.
The variation in load capacity and location of the critical point as the strength 
of the substrate is altered is illustrated in Fig. 7.7 and Fig. 7.8. These plots 
provide a useful starting point for a review of the strength of the shaft.
The yield load for shafts with strong substrates was calculated using 
expression (6.8), which was developed for critical conditions at or very near 
the coating surface. The approximate relationship Guc = 1.2 gyc was
7.7
incorporated, so that
My -  2 GYC (Eclc + E6Is)/K, Ec D 
= 1.67 Guo (Eclc + E.IJ/K, Ec D
= 1.67x385(170x103x1200+210x103x17980)/1.5x170x103x25 
= 400 Nm (7.5)
For the weaker substrates, where the point of first yield is in the substrate, 
the critical load was obtained using expression (7.6). This was produced 
from (6.10) in the following way.
MY = 2  GYS (1+1 OK, t/D)(Ecl0 + E.IJ/K, E8 D
= 2 0 YS(1+10x1.5/125)(170x103x1200+210x103x17980)/1.5x210x1 03x25
= 1.13 Gys (7.6)
It is useful to compare (7.5) and (7.6) with the corresponding expression 
for an uncoated shaft,
My -  1.02 Gys (7,7)
The fatigue limit plot of Fig. 7.8 was set up in a similar way using expression 
(7.8) and (7.9). The value given by (7.8) applies to shafts with strong 
substrates. It was produced from expression (6.15) using the procedure outlined 
for (7.3), but including the stress concentration factor of 1.5
Ma -  254 Nm (7.8)
7.8
The behaviour of shafts with weaker steel substrates is described by 
expression (7.9). This was developed from (6.17), using = Es G^ and
assuming that the relationships G^ = 0.56 GYS given in Table 7,1 can be 
used for these steels.
Ma = 2 G^ (1 + 10K. t/D)(E0lc + Esls)/KtEsD
= 0.63 Gys
The corresponding expression for uncoated shafts is 
Ma =1.02 0,3 = 0.57 Gys
Fig 7.7 and Fig. 7.8 show that the shouldered shaft of Fig. 7.6, with a 
coating on the fillet, has a fatigue limit load of 254 Nm and a yield load 
of 400 Nm; 46% and 53% respectively below the loads for a corresponding 
uncoated shaft. These load values would not be reduced further if the shaft 
were based on a steel having a yield stress of only 400 MPa. Clearly it 
would be appropriate to replace the 817M40 steel with a cheaper type.
The shaft behaves in a different way when the fillet is not coated and the 
end of the coated region is situated a long way from the shoulder, so that 
there is no interaction between the shoulder and the end of the coating. 
Shaft strength is then determined by the conditions at either the uncoated 
fillet or the coated region, the actual position being dependent on the relative 
strengths of the substrate and coating materials. If the substrate is a strong 
steel such as 817M40, yielding and fatigue failures occur first in the. coating, 
and the strength is the same as that of the coated unshouidered shaft of
(7.9)
(7.10)
7.9
Section 7.1. But when weak steels are used critical conditions exist at the 
fillet, and the shaft behaves as an uncoated shaft.
This behaviour is illustrated by the plots in Fig. 7.7 and Fig. 7.8, produced 
using expressions (7.1), (7.3), (7.7) and (7.10). These plots show that the 
shaft of Fig. 7.6(b) has a fatigue limit load of 380 Nm and a yield load of 
600 Nm; 20% and 29% respectively below the loads for a corresponding 
uncoated shaft. Lower strength substrates can be used without changing 
these values; the optimum condition being reached when the steel has a 
yield stress of 660 MPa. If this material were used fatigue cracks would be 
initiated simultaneously in the fillet and coating surfaces.
If the distance between the shoulder and the end of the coating were 
reduced, the applied strain might be raised in the critical region, by the 
interaction of the two discontinuities. This constitutes less of a problem for 
shafts based on strong steels such as 817M40 than it does for weaker 
steels, since any amplification of applied strain will occur in the substrate 
whilst failure conditions will continue to exist in the coating. Tests indicate 
that the fatigue limit load for the shaft of Fig. 7.6(b) will not be changed if 
the spacing between the shoulder and the coating were reduced to 5 mm i.e. 
1.25 times the fillet radius.
7.10
Fig. 7.1 S t e e l  S h a f t  C o a t e d  w i t h  E l e c t r o d e p o s i t e d  N i c k e l
M a t e r i a l S t e e l  
8 1 7  M 4 0  (1)
N i c k e l  
( W a t t s )  (1)
H a r d n e s s  (HV) 3 0 0 2 0 0
U l t i m a t e  T e n s i l e  S t r e n g t h  (MPa) 93 0 3 8 5
Y i e l d  S t r e s s  (MPa) 8 3 0
F a t i g u e  L i m i t  S t r e s s  (2) (MPa) 4 6 4
F a t i g u e  L i m i t  S t r e s s  (2) t  U T S 0 . 5 0 , 5 3
F a t i g u e  L i m i t  S t r e s s  + Y i e l d  S t r e s s 0 . 5 6
Y o u n g ' s  M o d u l u s  (GPa) 2 1 0 1 7 0
(1) Finished by gentle grinding
(2) Rotating bending of <j>25 mm specimen
Table 7.1 Properties of Substrate and Coating Materials
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The fatigue strength of a component, in its pre-service condition, will be 
reduced by electroplating if its substrate is made from a strong steel. The 
coating is then the weaker element, and cracks will be initiated near the 
surface at loads below those required to produce failure in uncoated versions. 
The reduction in strength can be large.
When the component is based on a weaker material, failure may originate 
in the substrate. The component strength will then be equal to or slightly 
greater than that of a corresponding uncoated component.
Shouldered regions of shafts are strongest when the fillets are not coated. 
To obtain the greatest benefit from this arrangement the discontinuity at the 
end of the coating must be at least 1.25 times the fillet radius from the 
shoulder. For a low stress concentration factor and a strong substrate 
material, failure will occur in the coating, and the strength of the shoulder will 
be the same as that of an unshouldered region. But when the stress 
concentration factor is high and the substrate material is weak, the region will 
behave as it would if it were not coated.
Component strength is governed by the interaction between the applied 
strain, residual stress, and the inherent strength of the constituent materials. 
Design methods have been set up for shafts subjected to bending, using 
radial profiles of these quantities.
8. CONCLUSIONS
Satisfactory p rocedures have been  estab lished  for obtaining values of the
8 . 1
coating material yield stress and strain, and Young’s modulus from tension 
tests on coated specimens. These values are required for the design 
calculations.
Sachs’ method for determining residual stresses has been extended for use 
on coated axisymmetric components. Stress profiles have been produced 
for tubes coated with nickel, chromium, and cobalt/chromium carbide. No 
other method is suitable. Values of coating stress published in data banks 
were obtained from inadequate tests, although they do indicate the 
predominant sign and order of size of one of the stress components. 
Surface measurements by X-ray diffraction are only useful when the substrate 
is strong and the largest tensiie residual stresses occur at the surface.
Electrochemical machining is the idea!technique for removing material during 
the residual stress analysis. Material is removed quickly and precisely, and 
no stresses are induced.
Gentle grinding procedures change the conditions at the surface of a coating, 
so that tensile residual stresses are replaced by compressive stresses to a 
depth of about 30 pm. When coatings on strong substrates are treated in 
this way, the fatigue strength of the component is raised by a substantial 
amount.
A ground finish of 2.5 pm R, is appropriate for the surfaces of coated regions 
and for the preparation of substrate surfaces prior to deposition of the 
coating.
8 . 2
Residual stresses are not reduced by vibratory techniques which use stress 
amplitudes near to the fatigue limit.
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APPENDIX 1
A l.
Expressions fo r  Applied S tre s s , S tra in  and Young's Modulus
This appendix provides th e  d e r iv a t io n  o f expressions fo r  the
lo n g itu d in a l s tress  and s t r a in  produced in  a coated c y lin d e r  by tension  
and bending loads. Expressions are  a lso  es tab lished  fo r  th e  Young's 
modulus o f the coating  m a te r ia l and the  load c a rr ie d  by th e  co a tin g .
L Tension
The basic  re la tio n s h ip s  a re  :
e q u ilib riu m  F « Fc + Fg ( i )
c o m p a tib ility  $c « ( i i )
where 6 is  the  extens ion  o f a len g th  I
stra in /d isp lace m en t e = 6 / i  ( i i i )
load/d isplacem ent fo r  l in e a r  e la s t ic  conditions
6 » (Ffc/EA) , 6 = (Ffc/EA) ( i v )
Using ( i )  and ( i v )  F ** [ (EAS)^ + (EA6)g ] /2,
Using ( i i )  and ( i i i )  F = (E A + E A )ec c s s
From t h is ,  fo r  l in e a r  e la s t ic  co n d itio n s  :
E = (F /E  - E A )A (v )c s s c
e = F /(E  A + E A ) ( v i )c c s s
0 = F E / ( E A  + E A ) ( v i i )c c c c s s
o ® F E / ( E A  + E A )  ( v i i i )s s e e  s s
From ( i )  F = F -  Fc s
and fo r  lin e a r  e la s t ic  c o n d itio n s  in  the  substra te , a lthough th is  is  not 
a requirem ent fo r  th e  c o a tin g ,
Fc = F " As E ( i x )
A l . l
I t  is  im portant to  know the accuracy o f Young's modulus c a lc u la te d  using  
equation ( v ) ,  since th is  va lue  is  used in  the expressions fo r  app lied  
stress and s tra in  and in  th e  c a lc u la tio n s  o f re s id u a l s tre s s . The 
u n c e rta in ty  in  the re s u lts  o f te s ts  made on the Type 3 specimens is  t y p ic a l ly
This f ig u re  was obtained using the fo llo w in g  data:
Eg has an u n c e rta in ty  o f ±0,5% (S ec tio n  3 .1 .2 )
F /e  has an u n c e rta in ty  o f +0.5% (S ec tio n  3 .2 .2 )
Ag has an u n c e rta in ty  o f ± 0 .4 % , but the corresponding va lue  fo r  
Ac is  ±1.8% as i l lu s t r a t e d  below fo r  a ty p ic a l  specimen
Ag = (1 7 .90  -  16. 155) tt/ 4 « 46.67 mm2
V a r ia tio n  in  A = ±0.4%s
Ac = (1 8 .3 1 5 2 - 17 .902 )n /4  -  11.80 mm2
A = ( 1 8 .312 -  1 7 .9 1 2)n /4  = 11.38 mm2c
V a r ia t io n  in  A « ±1.8% c
The ty p ic a l u n c e rta in ty  in  in d iv id u a l values o f the coating  modulus can 
be obtained from th e  RSS an a lys is  :
A = (1 7 .9 1 2 -  1 6 . 1 5 2 )tt/4 = 47 .08  mm2s
V
± 0.02 ie ±2%
Al .2
A1.2
Rc= Rs
e q u ilib r iu m  M = Mc + Mj
c o m p a tib ility  
where R is  the rad iu s  o f cu rva tu re  o f each p art  
s tra in /d isp lace m en t e = r l R
load/d isp lacem ent fo r  l in e a r  e la s t ic  conditions
Rs = (E I /M )S
Bending
The basic relationships are:
Rc -  (E I/M ) c »
Using ( x ) ,  ( x i )  and ( x i i i )  M » (E CI C + ESI S)/R
Using ( x i i )  M (E CI C + EsI s ) e / r
where e / r  is  th e  r a d ia l  s t r a in  g ra d ie n t  
From t h is ,  fo r  l in e a r  e la s t ic  cond itions  
Ec = (M r/e  -  ESI S) / I C 
e / r  = M /(E CI C + ESI S) 
e = DM/2(ECI C + ESI S)
Oq / t = M E C/(ECIC + E sIg )
Og/r ** M Es/ ( E CI C + Eglg)
(x )
( x i )
( x i i )
( x i i i )
( x iv )
(x v )
( x v i )
( x v i i )
( x v i i i )
From (x )  Mc = M - Ms
and fo r  l in e a r  e la s t ic  cond itions in  the  s u b s tra te , although th is  is  
not a requirem ent fo r  th e  co a tin g ,
Mr  = M -  ESI S e / r ( x ix )
A1.3
APPENDIX 2
DERIVATION OP EQUATIONS FOR IBS RESIDUAL STRESSES 
A 2.1 Introduction
The relationships between the residual stresses in the wall of the tube 
and the changes in strain which occur at the bore of the tube have been 
presented in Section 4. And the main steps used in order to establish 
the final equations have been outlined. This appendix provides fchd 
detailed development of these equations*
The basic strategy used in the derivation is embodied in equations (1),
(2) and (3).
a «* a " - o * (1)r r r N '
(2)
°z “ V  ' V  (3)
These equations for the residual stress in the original tube,a * oQ *r 6
°z» represent the superposition of the state of stress at radius R after 
the machining operation has been completed, represented byo^ ', o^” and 
0z"f and the change in stress which would occur if the material were to 
be reinstated* The negative sign arises naturally from the usual 
convention that tension stresses are positive and from the assumption 
that the material removed was carrying tensile stresses. When this 
material is reinstated the material in the tube of outside radius R is 
subjected to compression, so that the stress at radius R is reduced.
A2.1
In the following sections expressions for o • and for a ' ar© developed, 
and are then substituted into (1), (2) and (3) to produce the final 
equations for the residual stress. In this analysis it is assumed that 
no stresses are introduced by the machining process. The material is 
also considered to behave in a linear, elastic mode at all times.
A2.2
A 2,2 State of Stress in the Machined Tube
A 2.2.1 Radial Stress
When the machining operation has been completed a free surface exists at 
radius R and
or" - 0 (4)
A 2.2.2 Longitudinal Stress
This component can be determined by analysing the effect of removing a
thin shell at radius R. This shell is subjected to the longitudinal stress
a ", and if its thickness is dR it carries a corresponding force of
2ttR dR o ", When the shell is removed the remaining tube expands under z
the influence of a force of the same magnitude.
If the tube is sufficiently long the stresses produced in the coating and
in the substrate by a longitudinal force are
Ec
°o = ( (EA) + (FA) Pf O )c s
°s = ( (EA)c +S(EA)g J 1 (il)
where
suffixes c and s refer to the coating and the substrate,
A is the area of part of the cross section;
F is the load applied to the tube.
These expressions have been produced using the following basic relationships: 
Equilibrium,
F = Fc + Fs (iii)
Compatibility.
«o = Ss (iv)
where 6 is the extension of a length £ of the tube.
Load/displacement relationships,
<S = F£/AE (v)
A2.3
Using (iv) and (v)
so that
AE c ” AE s
F - P Q *s (EA)C
Using this in(iii)produces the relationship 
F “
and the equations (i) and (ii).
R > i
dR
Fig. A2-1
When R is in the coating, the longitudinal stress at the bore, i, 
radius a, produced by the small change in longitudinal for<se is
doza ^ (EA) + (EA) ^ 2itR dR °z"
•• s < Ec(R2-i2) + Es(i2-a2) ^ d o ^
2RE ^s
Now the changes in stress at radius a are related to the strains
usual Hooke's law expressions for a free surface, where o =0,ra
Es
°0a C 1 ^ T 2 > < e 9 + V z > a
za < I ^ T 2  ) C e z 4-
e. at
(vi) 
by the
(vii)
(viii)
A2.4
+ R -> (ilz. d££ (6)
Differentiating (viii) and using this in (vi)
°z" - 2 ( 1 + 7 ) R  < H c(R2-!2) + Es(i2-a2) > C ^  + vg g a  >s
R < i
When the coating has been machined away the tube is homogeneous, and 
equation (6) is replaced by
Jj*  /* Rg-aa x r . dco -z  -  2 ( 1 V )  C —  ) C dRZ + v a f 0 > a ( 8 )
where E and v are properties of the substrate material.
A2.5
The expression for this component is also obtained from the change in stress 
in the bore when a thin shell at radius R is removed.
A2.2.3 Circumferential Stress
Fig. A2-2
The loading on this shell before it is removed is shown in Fig, A2-2, 
where both stress components are shown as tensile. For equilibrium of the 
shell
2dR z a " + 2RZ do " = 0 8 r
o " = - R dot" (ix)
dR
The effect of removing this shell is to reduce the radial tensile load 
on the remaining tube. The change in shape and stress produced is the same 
as that resulting from the application of the external pressure shown in 
Fig, A2-3
R > i
gig.- A2.t3
A2.6
The stress produced by the pressure do " is determined from the usual
analysis of the two parts of the tube shown in Fig. A2-4, where do^" 
is represented by p and the interface pressure generated is p1.
The principal stresses in the coating are
0 ESLz_Eli2 ) + n s Rli3 }
r R a - i2 J + ^ ra -'^R*-i2 -'
• -  /" PR 2 * p ' i 2 ^  ✓ P -  P 1 *v ✓'V %  a - 42 > - <*--2* >C
R2i2
r 2 - i 2
o * 0z
The principal stresses in the substrate are
 .  ^# i _ j2r 'i2-a2
< fara2 ) C 1 + “2 )
o * 0 z
(x)
(xi)
(xii)
(xiii)
(xiv)
(xv)
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For geometric com patib ility  the rad ia l displacements of the two 
parts are equal at the interface.
U .U ) -  0 ,(1 ) (x v i)
Uc(1) “  V  “  E~ (  °0 '  V r 5 !
. i  r ( 2PR2 - p'(RHl») .  .  , ,
E R2 - i 2 vc p Jc
Us(1) "  E01 “ I  (o0 - V r ’ l  s
“ - I, l*' < f e  > - V ,]
Using these expressions in  (xv i) gives the re la tionship between 
pressures
p' B N p ( x v i i)
where
._____  2R2____  ( x v i i i )
R2(K+1) - i2(K-l) '
and
Es C (  F 3! 2 ^ " vs 3 + vc <x ix )
The p rinc ipa l stresses in the coating are, from (x ), (x i)  and ( x i i )
° r  “  “ (R2 - i 2 ) C (R2 ~ N i2) - (1 - N) ^2 ’  )  P (xx)
°9 “  ~ (R2- i 2) “ Ni 2) + (1 - N) )  P (x x i)
-  0 ( x i i )
The p rinc ipa l stresses in  the substrate are, from ( x i i i ) ,  (x iv ) and (xv) 
° r  “  (■ F -a 2 ^  ^ 1 ~ r 2 ^  ^ ( x x i i)
° 0  8  ” ^  i 2 r a 2 )  C 1  + ^ 2 )  P ( x x i i i )
°Z “  0 (xv)
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This analysis ignores the generation of o stresses due to the restriction 
of relative movement in the z direction. Analysis using finite elements 
shows that it is reasonable to do this, since for the chromium coating, 
where the material properties are considerably different to those of the steel 
substrate, the longitudinal stress due to this cause does not exceed 4% of 
the maximum circumferential stress, and the predictions for the circumferential 
stresses agree within 2%.
Then applying equation (xxiii) to the tube in Fig. A2-3 the change in
circumferential stress at radius a is
^ - 2Ni2 . „doQa « ~(TT~ 2\ do 118 (i2-az) r
And using this in (ix) to eliminate do^11 and provide a relationship between
the stress at radius R and the stress at radius a
„ _ CT2-®2) R d°0a
0 " 2N12 - & r
“  R < (K + D  -  I *  (K - l )  > ^  (x x iv )
Differentiating the Hooke’s law relationship (vii) and using this in (xxiv)
R < ( K +1) - £  ( K - l ) ) C g i + vs | ^ ) a (5)
R < i
When the coating has been machined away the tube is homogeneous and equation (5) 
is replaced by
_ „ E s R2-a2 -v s deo , de™ _ , v
°8 ~ 2(l-v2) R ^ ^ d R  s dR ^
where E and v are properties of the substrate material.
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Expressions for/the change In stress at radius R during the machining 
operation to reduce the outside radius from b to R are obtained by 
integrating the effects of removing thin shells such as that shown at 
radius R* in Fig. A2-5.
A 2.3 Stress Change due to Removal of Material
Fig. A 2-5
A 2 .3 .1  Longitudinal Stress 
R > 1
When the thin shell at radius R' is removed there is a small change in the 
longitudinal force carried by the remaining tube.
If the tube is of adequate length the stresses produced in the coating and 
in the substrate by this change in force are, from (i) and (ii)
dac “ < (FA)^(EA)s > d*
das “  < (EA) HEA) y  "C S
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The stresses are uniform in each part of the tube and are related by
Ec
E d°za
In te g ra tin g  to determ ine the change in  stress a t R when the outside
radius is  reduced from b to R
o
(xxv)
whereo is  the change in  stress a t  the bore during the process.
Z  c$>
Using the re la tio n s h ip  between s tress and s tra in  in  the bore o f the tube, 
equation ( v i i i )
I f  the outside rad ius  is  reduced from b to  R, and th is  f in a l  p o s itio n  is  
w ith in  the su b s tra te , the change in  lo n g itu d in a l s tress  a t R is  equal to  the  
corresponding change in  stress a t a , since th is  stress is  uniform  over the  
substrate , i . e .
° z '  = °za  (x x v i)
And in troducing the re la tio n s h ip  between the stress and the s tra in  in  the 
bore
(1 1 )
R < i
(14 )
where E and v are p ro p e rtie s  o f the substrate m a te r ia l.
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I f  a th in  s h e ll a t radius R1, which is  about to be removed, c a rr ie s  a
ra d ia l te n s ile  stress o f do a t i t s  ins ide surface, the e f fe c t  o fri
removing th is  s h e ll is  to  reduce th e  ra d ia l stress on the remaining 
tube by dor l . Following the procedure adopted in  Section A 2 .2 .3  th is  
is  considered to be equivalent to  the ap p lica tio n  o f a pressure o f the  
same magnitude to  the outside of the tube, as shown in  F ig . A 2 -6 .
A 2.3.2 Radial Stress
F ig . A 2 .6
The change in  ra d ia l stress a t R produced by the surface pressure dorx is ,  
from (xx )
R > 1
d°r' = (Ri^T2) C (R ' 2 ‘  N i2 ) " (1 ‘  N ,)  i f e  5 dori ( x x v i i )
where N' 2R1 ( x x v i i i )RI2 (K+1) -  i 2(K - l )
The change in  c ircu m feren tia l stress a t  the bore, i . e .  a t  radius a, 
produced by the same surface pressure is ,  from ( x x i i i )
do,0a
2 N ' i 2 , 
( i 2-a 2) d(?ri (xxix)
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Using (x x v i i )  and (x x ix )  to e lim in a te  d a n  and provide a re la tio n s h ip  
between the change in  stress a t rad ius R and the change in  stress a t  
radius a.
dar' zFltTR'2-!2) < ( R ,*-N'1*)-U-III) d°9.
By in s e rtin g  the expression ( x x v i i i )  fo r  N1 th is  can be s im p lif ie d  to
dor’ “ < 4 1 ^ 5 <(K+1) - - 1) ) do0a
In te g ra tin g  w ith  respect to R*
° r '  = ) < ( K + 1 )  -  -2  ( K - l ) ) o 0a (xxx)
And using the re la tio n s h ip  ( v i i )  between oQa and the s tra in s  in  
the bore of the tube
° r *  = 4 ( l - v  2) C(K+1) - | 2 (K-1)) <e0 + vgez ) a (9 )
R < i
The re la tio n s h ip  between the change in  stress a t R and the change in  s tress
a t a is  the same as i t  would be fo r  a uniform tube. This is  equ iva len t to
the re s u lt  fo r o n shown in  Section 2 .3 .1  and can be demonstrated by s p l i t t in g
the process o f removing the m a te ria l in to  two p a rts , (a )  a reduction in  the
outside radius from b to i  and (b ) a fu r th e r  reduction u n t i l  the  outside  
radius is  R.
During p a rt (a ) o f the process the change in  ra d ia l stress a t R produced 
by the a p p lic a tio n  o f the surface pressure dar l  i S| f r0m ( x x i i )
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dor ' « (xxxi)
and the corresponding change in  c irc u m fe re n tia l s tress a t a is ,  from 
( x x i i i )
Using (x x x i)  and (x x x i i )  to  e lim in a te  dor i and provide a re la tio n s h ip  
between the change in  s tress  a t  radius R and the change in  stress a t  
radius a
which is  id e n tic a l to  the re la tio n s h ip  ( x x x i i i ) .
C le a rly  ( x x x i i i )  app lies fo r  the whole process, during which the outside  
radius is  reduced from b to  R. Then using the re la tio n s h ip  ( v i i )  between 
Oga and the s tra in  in  the bore o f the tube, the change in  r a d ia l  stress  
a t R during the whole process is
d(J9a (x x x i i )
dV  = 1 ( 1 " |2>da0a
And in te g ra tin g  w ith  respect to  R1
( x x x i i i )
For p a rt (b ) of the process, the corresponding equations are
(x x x iv )
and
(xxxv)
so th a t
o
(12)
where E and v are p ro p erties  o f the substrate m a te ria l.
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A2.3. 3 Circumferential Stress
R > i
The change in  surface pressure shown in F ig . A2-6 also produces a change in  
c ircu m feren tia l stress a t  radius R. The value of th is  component is *  from (x x i)
da »Q ~ "(R ' 2- i 2) < ( R 12 ** N ' i 2) + (1 - N1) ) d a r i  (x x x v i)
The change in  c irc u m fe re n tia l stress at the bore, i . e .  a t radius a, produced 
by the same surface pressure is ,  from ( x x i i i )
2N‘ i 2
do0a “ " Q 2 _ a2) dar i  (x x ix )
Using (xxxv i) and (x x ix )  to  e lim inate  dar i  and provide a re la tio n s h ip  between 
the change in  stress a t radius R and the change in s tress  a t radius a
do0' = 2N U W M T )  C (R ' 2 ' N'i2) + (1 ' N>) 5 dc,0a
By in sertin g  the expression ( x x v i i i )  fo r N' th is  can be s im p lif ie d  to  
doe' = ( ^ ^ 2 > C ( k + D  + “ 2 (K -  1) )d o 0a
In te g ra tin g  w ith  respect to  R*
° e ‘ = < ^ r f 2 > C (K + 1) + | 2(K -  1) )  o0a (x x x v ii)
And using the re la tio n s h ip  ( v i i )  between o0a and the s tra in s  in  the bore 
of the tube
V  = 4(1^4) <!- f2 (K-D)Ce8 + vsEz)a (10)
R < 1
The re la tio n s h ip  between the change in  the c irc u m fe re n tia l stress  
component a t rad ius R and the corresponding change in  c irc u m fe re n tia l
stress a t radius a is  the same as i t  would be fo r a uniform  tube. I f ,
as in  Section A 2 .3 .2 ,  the process of removing m a te ria l is  s p l i t  in to
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two p a rts , the required re la tio n s h ip  fo r  the whole process can be 
deduced from the changes which take place during the f i r s t  p art i . e .  
the reduction in  the outside radius from b to i .
During p art (a )  o f the process the change in  c ircu m feren tia l stress a t R
produced by the a p p lic a tio n  of the surface pressure dor i  is ,  from
( x x i i i )
daQ1 = - (  i ^ - a 2 ^ ^ 1 + R2 ^ dtTri (x x x v i i i )
Using (x x x v i i i )  and (x x x i i )  to  e lim in a te  dar i  and provide a re la tio n s h ip
between the stress a t radius R and the stress a t radius a
dag' -  | ( 1  + g!| }  do0a
And in te g ra tin g  w ith  respect to R*
a0 = 2 ( 1 + ^ p. (x x x ix )
K 0a
This re la tio n s h ip  also applies fo r  p a rt (b ) o f the process and consequently 
fo r  the whole process.
Using, as before, the re la tio n s h ip  ( v i i )  between o8a and the s tra in  in  
the bore o f the tube, the change in  c irc u m fe re n tia l s tress  during the whole 
process is
K
a0f = 2 ( l - v 2) C 1 + | 2 (13 )
where E and v are properties  of the substrate m a te r ia l.
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A 2.3.4 State of Stress in the Original Tube
Expressions relating the state of stress in the original tube and the 
changes in the strain produced in the bore of the tube as a consequence 
of the reduction in the outside radius are obtained by substituting 
equations (4) to (14) into equations (1) to (3). No particular 
difficulty is experienced, and no further explanation is required.
The results are given in equations (15) to (20) presented in Section 4 
of the report.
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APPENDIX 3
INSTALLATION O P  GAUGES IN THE B O R E  O P  TUBULAR SPECIMENS
In order to measure strains during the residual stress tests on tubular specimens 
of the type shown in Fig. 4.7 a rosette on a backing 7 mm x 12 mm had to be 
bonded in the correct position and orientation 86 mm down a 16 mm diameter hole.
The basic method of tackling this problem is well known (51). A length of silicone 
rubber tubing is used to carry the gauge prior to bonding and to provide the 
clamping pressure to secure it into place. This tubing is plugged at one end and 
connected to an air supply line at the other end. A pre-wired gauge Is secured 
lightly in an upside down position on the tubing and adhesive is applied. The 
assembly Is then inserted into the bore of the specimen. When the gauge is in the 
correct position the air pressure is increased so that the tube expands to clamp the 
gauge against the surface, as shown in Fig. A3.1.
Because the hole in the specimen was quite small and the gauge location was a 
considerable distance down it, some refinement of the basic method was required. 
The most important developments were to make the tubing diameter only 2 mm 
smaller than the hole diameter and to supply the air through a steel tube positioned 
as shown in Fig. A3.2. This tube was a good fit inside the rubber tubing and 
supported its full length, keeping it straight and round. But even with this improved 
arrangement the required accuracy of alignment and positioning would not have 
been achieved if marking and location devices had not been provided.
A 3.1
These features were incorporated in an assembly rig. This is shown in
Fig. A3.3. The provision for three specimens was included to save time and to use
adhesive more efficiently.
Using the rig the assembly procedure was relatively straight forward. First the 
gauge was prepared by adding the wires necessary to reach the terminal strips 
located at the stepped end of the specimen. These were 0.16 mm diameter single 
strand copper conductors coated with polyamide enarnel. When the rosette was 
ready, the silicone rubber tubing was cleaned with alcohol, and the gauge location 
marks were added using a marking jig and a fine felt-tip pen. Small pieces of 
transparent double-sided adhesive tape were then added to the tubing to provide 
a simple temporary anchorage for the rosette which, with its wiring, was laid in 
position ready for assembly into the specimen.
The specimen and a two-component epoxy adhesive were prepared using the 
standard procedures. The adhesive - Micromeasurements AE10 - was applied to 
the gauge and to the wire at three points along each length. The specimen was 
then threaded over this assembly until it reached a pre-set stop. During this 
operation contact between the adhesive and the specimen was avoided by making 
sure that the bottom of the bore was rubbing the underside of the silicone tubing. 
With the specimen in position the air pressure was increased quickly to 250 kPa, 
giving an effective clamping pressure of about 100 kPa. The pressure was held 
for 24 hours whilst the adhesive was curing. The temperature during this period 
was not allowed to drop below 20° C.
When the air pressure was reduced the specimen did not come away easily from 
the tubing. It was necessary to pull the tubing, so that it shrank to a tight fit on 
the steel tube, An alternating twisting motion combined with a light vertical force 
then gradually broke the bond between the adhesive tape and the tubing, allowing 
the specimen to be withdrawn.
After the usual installation checks each specimen was loaded in bending to ensure 
that the gauges were functioning correctly. During this test the strain registered at 
the bore did not exceed 400 microstrain.
A 3.3
F i g .  A 3 .1  B a s i c  C la m p in g  M ethod
Fig. A3.2 Improved Clamping Method

APPENDIX 4
Residual Stresses induced by Manufacturing Operations
A large proportion of the electroplated components used in engineering 
equipment are based on steel substrates. These substrates are usually 
turned, hardened and ground before the coating is added. Where high 
precision is required the coating is finished by grinding. Polishing and 
electrochemical machining methods are sometimes used.
Each of those processes is a potential source of residual stress. Typical 
stress profiles generated are reviewed in the following sections.
A4.1 Turning
Cutting with a single-point tool induces tensile stresses into the surface of the 
component to a depth of about 100pm; below this depth the stresses are 
compressive.
Measurements on large rotors, using the standard centre-hoie technique 
showed that compressive stresses of 50 MPa to 100 MPa existed at the 
nominal depth of 500 pm, and that these values were not influenced by the 
sharpness of the turning tool (33). An investigation of shaping, conducted 
on a much smaller scale, showed that removal of 2mm from the surface of 
a small block of soft steel produced compressive stresses of 20 MPa to 50 
MPa at a depth of 500 pm below the surface (34,35).
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Although the stresses quoted are fairly low and compressive at 500jim below 
the surface, it is likely that relatively high tensile stresses can exist In material 
near the machined surface. Henriksen (36) indicated that these stresses can 
often exceed 400 MPa for normal turning, but emphasised that the size of 
the stress depends critically on the rate of feed; the depth of cut seems to 
have little effect.
Many components are hardened after the main turning operation. Where this 
occurs the stresses introduced during the machining process will be 
eliminated.
A4.2 Grinding
Residual stresses are induced in all ground surfaces. They are often tensile 
at the surface, but although the peak values can be large - near to yield 
stress under some conditions - only a small layer of material extending from 
20jj.m to 120jim below the surface, is affected (38,39,40).
The stresses arise mainly from the non-uniform plastic deformation caused 
by localised heating as the component is cut, but this is modified by smaller 
contributions, of opposite sign, from both structural transformations and the 
effect of wheel pressure (13,40).
The plastic strain produced in the surface as it is ground is compressive and 
of a size which is dependent on the temperature reached and the yield stress 
of the material. The stress remaining after the surface has cooled is tensile; 
it Is highest when the material yield point is low and the grinding was severe,
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producing very high temperatures (40). Extreme temperatures are common 
in hand grinding operations, and in rough surface grinding where cuts of 
0.1mm and more are used; under these conditions cracking of the surface 
can occur in high strength steels and other relatively brittle materials, but in 
most materials the high stresses set up can exist without any obvious 
indication that they are there (39). In cylindrical grinding - ranging from 
production centreless grinding to precision, tool-room grinding - cuts are much 
lighter and the work-piece speed is higher, wheel speeds are generally lower, 
and an appropriate cutting fluid is always used. These factors depress the 
cutting temperature and limit the residual stress (39,40,41).
The stress in the material very close to the surface Is Influenced by changes 
in the structure of the material and the effect of wheel pressure. If the newly 
ground surface of a steel component is cooled rapidly as it leaves the wheel, 
martensite is formed and the specific volume of the material near to the 
surface is increased. Consequently a compressive stress is set up in this 
affected layer, the depth of which is unlikely to exceed 15pm (40). 
Compressive stresses can sometimes be generated as a direct result of the 
pressure between the wheel and the work piece. They exist to a depth of 
only 5 to 10pm and, except for some forms of very gentle grinding, make 
only a small contribution to the total residual stress (39,40), although Schoites 
puts greater emphasis on this factor (13).
The typical distribution of stresses induced by grinding is indicated in 
Fig. A4.1. The values shown have been taken from the results of Letner 
(38) and Mittal & Rowe (39) but other similar findings have been reported
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(40,41,42,43). They are for surface grinding of steel having a hardness of 
60 HRc. Surface stresses are low. The peak values occur at 10 to 20pm 
below the surface, and can reach half the yield stress when the grinding, 
although severe, does not discolour the surface (39).
Peters and Snoeys (40) show that the stresses due to cylindrical grinding are 
normally lower than the stresses produced by surface grinding. It seems 
likely that the maximum tensile stress in a hard steel can be limited to 100 
MPa if the grinding is done with a grade J or softer wheel rotating at a 
speed of less than 30m/s, provided that the depth of cut is limited to 10pm, 
and an adequate supply of an appropriate coolant is used. A workpiece 
speed of over 1 m/s will minimise the depth of penetration of the tensile, 
residual stress (40). Higher speeds have been used with the surprising result 
that, for hard steel, the sign of the stresses is reversed when the speed 
exceeds about 2 m/s (41). But speeds of this order are not possible on 
most standard cylindrical grinding machines.
If the initial grinding is fairly severe, it is possible to remove the major part 
of the residual stress distribution by using gentler conditions for the final 
100pm reduction in diameter. This approach is adopted in the British 
Standard Specification for fatigue testing (37), where it is recommended that 
the final 100 pm should be removed from the diameter using cuts of 5 pm 
and finally 2.5pm. Whilst this procedure is satisfactory for many materials, 
It cannot be used for brittle materials such as electro-deposited chromium. 
This material will crack under a tensile strain of less than 2000 microstrain, 
as shown in Section 3, but can be ground without cracking if gentle
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conditions are used for the whole grinding operation (30,44).
A4.3 Mechanical Polishing
Polishing with fine emery paper is widely used to produce the surface finish 
required for small fatigue specimens (37). This process affects the condition 
of the material at the surface of the specimen; it increases the hardness 
and introduces compressive residual stresses (7, 45, 46). No values have 
been found for the size of the stress, but the effect on fatigue strength has 
been demonstrated clearly, particularly for materials with a hardness below 
300 HV (6).
A4.4 Electrochemical Machining and Polishing
No significant forces or temperature gradients are generated in 
electrochemical machining and polishing processes. Consequently no residual 
stresses are introduced into the components (33, 47, 48).
A4.5 Hardening
Residual stresses are induced in a steel component when it is heated to a 
temperature above the upper critical value and cooled rapidly. These 
stresses are a result of the non-uniform plastic deformations produced by the 
combined effect of thermal shrinkage and the changes in volume which occur 
as martensite is formed. These two actions will normally have opposite 
effects on the final stress distribution. However, the shrinkage stresses 
predominate so that, after cooling, the surfaces in contact with the coolant 
are in compression whilst the core is in tension, as is shown in Fig.4.2 for 
a solid bar and A4.3 for a tube (12). Values are given for a plain carbon 
steel, but similar stresses are produced in low alloy steels such 817M40 (12).
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Component surfaces are sometimes cracked during quenching operations. 
This occurs during the early part of the cooling process, when the material 
near the surface is subjected to high tensile stresses and is relatively weak 
due to the elevated temperature (12).
The quenching stresses are reduced considerably by tempering. Typical 
values for a solid bar are shown in Fig. A4.2. No corresponding values for 
tubes have been found. It is expected that the profile will be similar in 
shape to Fig A4.3, with values reduced by about 70% for a tempering 
temperature of 620° C. The size of the stresses remaining in the work piece 
depends on the temperature used, the time it spends at this temperature and 
the rate of the subsequent cooling. The stresses drop rapidly during the 
first ninety minutes: longer periods at the tempering temperature have only 
a small effect. Cooling in air or in the furnace ensures that the stresses are 
as low as possible (12).
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Fig .  A 4 . 1  R e s i d u a l  S t r e s s  P r o d u c e d  b y  S u r f a c e  G r i n d i n g
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Fig. A4.2 Residual Stress in Hardened Steel
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24mm b o r e ,  h a rd en ed  by w a te r  quench from  850°C
F ig .  A 4 .3  R e s id u a l S t r e s s  in  H ardened S t e e l  Tube
